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ABSTRACT
ACCESSORY GENES CONTRIBUTE TO REWIRING THE TRANSCRIPTIONAL
NETWORK IN FUSARIUM OXYSPORUM
MAY 2020
HE YANG, B.S., LANZHOU UNIVERSITY
Ph.D., UNIVERSITY OF MASSACHUSETTS AMHERST
Directed by: Professor Li-Jun Ma

The presence of accessory chromosomes is one of the most fascinating features in
the genomes of Fusarium oxysporum (Fo) species complex that includes both plant and
animal pathogens. In plant-pathogenic Fo strains, these accessory chromosomes govern
host-specific pathogenicity through unique sets of virulence factors, including secreted
effectors and plant cell wall degrading enzymes, while the identity of such factors are
largely unknown in human infecting strains. This dissertation is composed of three projects
that focused on studying the gene composition and transcriptional regulation of humanpathogenic Fo strains. The first project deciphered the genome of the clinical Fo strain,
NRRL 32931, compared its genetic composition and transcriptional profiles with the
tomato-infecting strain, Fol4287. At the genomic level, we identified unique accessory
chromosomes that were enriched in genes associated with ion transport and homeostasis.
Genotype, but not phenotype results, indicated strains respond and adapt to pH differently.

vi

Transcriptomic analysis found distinct gene regulations under acidic and alkaline
conditions which matched their unique gene content. The second project focused on the
PacC/Rim101 gene family expansion in NRRL 32931. PacC encodes a pH responsive
transcription factor implicated in alkaline pH response in higher fungi. Phenotypic
characteristics under stress conditions and transcriptome profiles at alkaline pH were
compared between core and accessory PacC gene knockouts. The core PacC_o had a
broader impact on biological processes, while the accessory PacC_b was limited to lipid
metabolism and ion transport. Phenotypes and differentially expressed genes from the two
mutants shared similarities but large differences, indicating independent roles of accessory
PacC. For the last project, we sequenced the genomes of two other clinical isolates, which
displayed a certain degree of conservation in the accessory chromosomes and found one
isolate having further PacC gene expansion. Accessory PacC genes were also detected in
over 10 clinical Fo isolates that belonged to different lineages, indicating the importance
and prevalence of PacC genes. In summary, my research not only confirmed the presence
of accessory chromosomes among the genomes of human infecting Fo strains, but also
demonstrated the functional importance of genes encoded in these accessory chromosomes
in adapting to human hosts.

vii

TABLE OF CONTENTS
Page
ACKNOWLEDGMENTS .................................................................................................. v
ABSTRACT....................................................................................................................... vi
LIST OF TABLES ............................................................................................................ xii
LIST OF FIGURES ......................................................................................................... xiii
CHAPTER
I. INTRODUCTION ........................................................................................................... 1
1.1 Cross-kingdom pathogen: Fusarium oxysporum species complex (FOSC) ............. 3
1.2 Alkaline stress and pH control in fungi .................................................................... 5
1.3 PacC/Rim101p transcription factor in alkaline pH response .................................... 9
II. COMPARATIVE GENOMICS AND TRANSCRIPTOMICS REVEALED THE
REWIRING OF PH REGULATION IN FUSARIUM OXYSPORUM........................... 12
2.1 Introduction ............................................................................................................. 12
2.2 Materials and Methods............................................................................................ 15
2.2.1 Fungal Strains and Culture Conditions ............................................................ 15
2.2.2 Cloning, Transformation and Gene Knockout ................................................. 15
2.2.3 Phenotyping Assays ......................................................................................... 16
2.2.4 Genome Sequencing, Assembly and Annotation............................................. 17
2.2.5 Quantitative Polymerase Chain Reaction (qPCR) and eGFP-tagging ............. 17
2.2.6 Detection of PacC Gene in Fungi .................................................................... 18
2.2.7 Sample Preparation and Extraction for RNA-seq ............................................ 18

viii

2.2.8 RNA-seq Alignment, Assembly and Data Analysis ........................................ 19
2.3 Results ..................................................................................................................... 21
2.3.1 Choice of Strains and Phenotyping .................................................................. 21
2.3.2 Genome Assembly of NRRL 32931 ................................................................ 21
2.3.3 PacC Gene Expansion in NRRL 32931........................................................... 23
2.3.4 Detection of PacC Gene Expansion and Synteny in Fungi ............................. 23
2.3.5 PacC Transcription and Nuclear Localization ................................................. 24
2.3.6 Core PacC_o Gene Knockout in NRRL 32931 ............................................... 25
2.3.7 Transcriptome Sequencing ............................................................................... 25
2.3.8 Correlation between Wild-type NRRL 32931 and Fol4287 Datasets ............. 26
2.3.9 Differentially Expressed Genes in Wild-types................................................. 27
2.3.10 Gene Co-expression Network of Wild-types and pacC Mutants................... 29
2.3.11 Gene Expression and PacC Binding Motif Variations .................................. 31
2.4 Discussion ............................................................................................................... 32
III. THE TRANSCRIPTIONAL REGULATORY ROLE OF ACCESSORY PACC
GENES IN RESPONSE TO ALKALINE PH .................................................................. 60
3.1 Introduction ............................................................................................................. 60
3.2 Materials and Methods............................................................................................ 63
3.2.1 Fungal Strains and Phenotyping ...................................................................... 63
3.2.2 Gene Knockout ................................................................................................ 64

ix

3.2.3 Transcriptome Generation and Data Analysis ................................................. 64
3.3 Results ..................................................................................................................... 65
3.3.1 PacC_b Gene Knockout and Phenotype Comparison ..................................... 65
3.3.2 Transcriptional Relationship Between Accessory PacC with Core PacC_o... 66
3.3.3 Transcriptome Sequencing of pacC_b Knockout ............................................ 66
3.3.4 Differential Expression Analysis and Functional Profiling ............................. 67
3.3.5 PacC Binding Motifs Enrichment in DEGs ..................................................... 67
3.3.6 Identification of PacC_b Dependent Genes..................................................... 68
3.3.7 DEGs Comparison between pacC_o and pacC_b datasets .............................. 69
3.3.8 Genomic regions and Genes Co-regulated by Both PacC genes ..................... 71
3.3.9 PacC_b in the Differential Response between NRRL 32931 and Fol4287 .... 72
3.4 Discussion ............................................................................................................... 72
IV. PACC GENE EXPANSION IS WIDE-SPREAD AMONG FUSARIUM
OXYSPORUM CLINICAL ISOLATES .......................................................................... 99
4.1 Introduction ............................................................................................................. 99
4.2 Materials and Methods.......................................................................................... 101
4.2.1 Fungal Strains ................................................................................................ 101
4.2.2 DNA Extraction and Whole-genome Sequencing Library Preparation ......... 101
4.2.3 Genome Assembly ......................................................................................... 102
4.2.4 BLAST, Sequence Alignment and Phylogenetic Analysis ............................ 102

x

4.3 Results ................................................................................................................... 103
4.3.1 Choice of Fo Clinical Isolates ........................................................................ 103
4.3.2 Detection of PacC Gene Expansion in Fo Clinical Isolates .......................... 103
4.3.3 Phenotypes of Fo Isolates Under Acidic and Alkaline Conditions ............... 104
4.3.4 Genome Comparison Between Three Clinical Strains .................................. 105
4.3.5 Detection of PacC Gene Expansion in Genomes of Clinical Strains ............ 106
4.4 Discussion ............................................................................................................. 107
V. CONCLUSIONS........................................................................................................ 119
5.1 Dissertation Conclusions ...................................................................................... 119
5.2 Perspective ............................................................................................................ 125
5.3 Future Directions .................................................................................................. 128
BIBLIOGRAPHY ........................................................................................................... 131

xi

LIST OF TABLES
Table

Page

Table 2-1. Comparison between PacC genes ................................................................... 39
Table 2-2. Summary of RNA-seq ..................................................................................... 40
Table 2-3. GO-term enrichment of DEGs in NRRL 32931 and Fol4287 ........................ 41
Table 2-4. Expression of ribosome assembly factors ....................................................... 43
Table 2-5. Enrichment analysis of PacC binding sites in each module of each strain ..... 45
Table 2-6. Difference in PacC binding motifs in highly variable genes ........................... 46
Table 3-1. RNA-seq statistics of WT and pacC_b mutant datasets .................................. 80
Table 3-2. Annotation and known functions of downregulated DEGs that were identified
in the KEGG analysis........................................................................................................ 81
Table 3-3. Distribution of PacC binding motifs and its enrichment. ................................ 82
Table 3-4. Known yeast homologs among PacC_b dependent genes. ............................. 83
Table 3-5. Known yeast homologs in shared DEGs between pacC_b and pacC_o RNAseq datasets........................................................................................................................ 84
Table 3-6. Expression of MCC/eisosome associated genes that are involved in the
formation of MCC or eisosome ........................................................................................ 87
Table 4-1. Summary of F. oxysporum isolates used in this study .................................. 111
Table 4-2. Blast hits of PacC genes in NRRL 26365 and NRRL 47514........................ 112

xii

LIST OF FIGURES
Figure

Page

Figure 2-1. Phenotypes and growth rates of NRRL 32931 and Fol4287 under various
media plates ...................................................................................................................... 47
Figure 2-2. Genome comparison between NRRL 32931 and Fol4287 ............................ 48
Figure 2-3. Protein domain structure of NRRL 32931 PacC proteins .............................. 49
Figure 2-4. PacC gene expansion in other Fo strains. ...................................................... 50
Figure 2-5. Transcription and nuclear localization of PacC genes ................................... 51
Figure 2-6. Core PacC_o knockout mutants..................................................................... 52
Figure 2-7. Similarity between RNA-seq datasets ............................................................ 53
Figure 2-8. Sample correlation between datasets ............................................................. 54
Figure 2-9. Differentially expressed orthologs in NRRL 32931 and Fol4287 ................. 55
Figure 2-10. GO categories associated with expressed unique genes .............................. 56
Figure 2-11. Co-expressed gene modules ......................................................................... 57
Figure 2-12. GO-enrichment of PacC modules ................................................................ 58
Figure 2-13. Expression profiles of 24 orthologs with variation in the PacC
binding motif..................................................................................................................... 59
Figure 3-1. Phenotypic comparison between PacC mutants ............................................ 88
Figure 3-2. Expression of PacC genes in pacC_o mutants .............................................. 89
Figure 3-3. Correlation between WT and pacC_b mutant samples .................................. 90
Figure 3-4. Scatterplot of cluster representatives of GO-term enrichment ....................... 91
Figure 3-5. Identification of PacC_b dependent genes .................................................... 92
Figure 3-6. Venn diagram of DEGs between the two datasets ......................................... 93
Figure 3-7. Gene expressions of the PacC_b genomic region.......................................... 94
Figure 3-8. Co-regulated genomic regions ....................................................................... 95

xiii

Figure 3-9. Proportional of differential expressed genes .................................................. 96
Figure 3-10. Phenotypes of pacC_a mutants compared to wild-types ............................. 97
Figure 3-11. Sphingolipid metabolism ............................................................................. 98
Figure 4-1. PacC gene detection in F. oxysporum isolates............................................. 113
Figure 4-2. Phenotypes of F. oxysporum strains............................................................. 114
Figure 4-3. Genome alignments between clinical strains ............................................... 115
Figure 4-4. Sequence alignment of PacC_a genes ......................................................... 116
Figure 4-5. Identification of PacC genes and their phylogenetic relationship ............... 117
Figure 4-6. Genome alignment between NRRL 32931 and Fo cotton strain 25433. ..... 118
Figure 5-1. Model of alkaline pH adaptation .................................................................. 123

xiv

CHAPTER I
INTRODUCTION
Microorganisms, despite their relatively small sizes, are sophisticated biological
entities that have amazing biology. The basis of their complexity is embedded in their
genomes, which have accumulated throughout evolution. Not only has evolution tailored
each organism to survive in its environment, but also given them the ability to sense and
adapt to the changing conditions. As a result, microorganisms are wide-spread and even
occupying some extreme ecology niches (Skovgaard 2002). It is truly fascinating how
species are shaped by evolution, particularly those that have evolved to live off the welfare
of others and became pathogenic.
Among these pathogens are the members from the kingdom Fungi, which are wellknown dominant causal agents of plant diseases (Heitman et al. 2017). Severe crop loss
and economical damage are often accompanied by fungal disease outbreaks. It is estimated
that about 1.5 million fungal species exist on Earth, and of that, thousands are plant
pathogens and only around 300 species are known to be pathogenic to animals and humans
(Hawksworth 2001). Despite the low number of animal pathogenic fungal species, they
pose serious threatens to humans: taking over 1 million lives annually worldwide
(Armstrong-James, Meintjes, and Brown 2014); and to amphibians and reptiles resulting
in their mass extinction (Fisher et al. 2012; Almeida, Rodrigues, and Coelho 2019). The
lack of effective antifungals, excess use of fungicides and the persistence of fungi in the
soil have become serious issues in disease management. This underlines the importance of
understanding the fundamental fungal biology to facilitate the development of new
antifungals and therapies.
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The arsenal of host adaptation and combating the host immunity system is
imprinted in the genome of the pathogen. The explosive growth and accessibility of
sequencing technologies in the past decade has really opened the doors to large scale
genome analyses. Examining these genetic codes within or among organisms provided us
with insights on what toolkits (genes) they possess and how they differ from one and the
other. Even the slightest variations in genes, some as subtle as a single nucleotide change,
could have a huge impact on the organism. However, the biological system is far more
complex than just a combination of genes. It involves the activation and spatiotemporal
interactions between multiple genes, which forms a network of active codes, known as
messenger RNAs (mRNAs). This collection of active mRNAs, referred to as transcriptome,
can also be identified by sequencing technology. Using these technologies would allow us
to identify what genes are available and when they are active in the system. Considering
that hundreds and thousands of genes could be active at any given situation, to extract
useful information and decipher the underlying biology can be a tall but rewarding task.
This thesis, composed of three projects, utilized both genomic and transcriptomic
sequencing technologies to understand the key differences between cross-kingdom
pathogenic strains of Fusarium oxysporum (Fo). The first project compared phenotypic
characteristics, genotypes and transcriptional profiles under acidic and alkaline pH between
two Fo strains of distinct host: the tomato-infecting Fo f. sp. lycopersici strain (Fol4287)
and the clinical strain (NRRL 32931), that was isolated from the bloodstream of a leukemia
patient (Zhang et al. 2020). The second project focused on a specific gene family,
PacC/Rim101, which is uniquely expanded in NRRL 32931. PacC encodes for a pH
responsive transcription factor important for alkaline pH response in higher fungi. To
2

understand the functions and significance of this expansion, I compared the transcriptional
profiles of two PacC genes: PacC_b and PacC_o. The latter is conserved, while the former
represents one of the uniquely expanded genes. The last project aimed to provide additional
genomic information and investigate the prevalence of PacC gene family expansion in
other Fo clinical strains. We assembled and compared the genomes of two additional Fo
clinical isolates, NRRL 26365 and NRRL 47514. In summary, this thesis provided
evidence that Fo pathogenic strains have not only distinct gene content but also distinct
transcriptional regulation and brings a different perspective to viewing fungal human host
adaptation.
1.1 Cross-kingdom pathogen: Fusarium oxysporum species complex (FOSC)
The host range of fungal pathogens varies from single host specificity to broad host
range, and generally the hosts are restricted to the same Kingdom. However, extreme
examples like the Fusarium and Aspergillus genera are cross-kingdom pathogens of plants
and animals (Gauthier and Keller 2013). The FOSC is a group of highly diverse strains
including non-, plant- and animal-pathogens. FOSC has a wide host range of over 100 plant
species, making it into the top 10 most important fungal plant pathogens voted by fungal
pathologists (Dean et al. 2012). On the other hand, some members of FOSC can infect
immunocompromised individuals, causing localized or disseminated infections. However,
under certain circumstances, they can also cause superficial infections like keratitis and
onychomycosis. The former is usually associated with the use of contaminated contact
lenses in developed countries and in the crop fields of developing countries where plant
pathogens are ubiquitous in the environment (Epstein 2007; Manikandan et al. 2019).
Serious infections can lead to blindness, and in cases of Fusarium disseminated infections,
3

they can be life-threatening. Despite their low infection cases, the mortality rate associated
with disseminated infections can range from 50% to 100%. Reasons for this include poor
diagnosis, no optimal treatment methods and intrinsic resistance to most antifungal agents
(Nucci and Anaissie 2007). Such broad host range is extremely rare in fungi, which
highlights their versatility and makes FOSC a good working model to study the underlying
mechanisms and biology, such as adaptive evolution.
Although the host environment can be very different, pathogens have to respond
and adapt in order to establish infection (Sharon and Shlezinger 2013). FOSC pathogenic
strains have a wide host range that represents diverse environmental conditions, for
example Fusarium wilt on tomato is more severe at mild acidic pH 5 – 6; cotton-infecting
strains prefer slightly basic pH soil; while clinical strains have been isolated from different
human body parts such as skin (slightly acidic), blood and cornea (neutral-alkaline). As
environment shapes evolution, and with the explosive growth and accessibility of
sequencing technologies, we can easily compare their genomes to identify the toolkits
involved in adaptation. Efforts to decipher and compare the genomes of the Fusarium
genus have led to the discovery of genome compartmentation in FOSC (Ma et al 2010). Its
genome is compartmentalized into conserved core and accessory chromosomes. The core
chromosomes consisted of conserved sequences shared among most FOSC strains and their
close relatives, F. graminearum and F. verticillioides (Ma et al. 2010; 2013). These
conserved genes are responsible for housekeeping functions, and therefore referred to as
core genes. On the contrary, the accessory chromosomes contain genes that are unique to
a small group of strains that generally have similar host range. Accessory chromosomes
are enriched with virulence factors, as well as transposable elements that make them
4

hotspots for horizontal gene/chromosome transfer. Additionally, these two sets of
chromosomes have different GC content, codon usage bias and histone modification
markers, indicating they have different origins and evolution.
Over the years, numerous studies have identified the presence of distinct accessory
chromosomes in plant-pathogenic Fo strains infecting different hosts (Ma et al. 2010;
Vlaardingerbroek et al. 2016; Sasaki et al. 2015). This has led to the discovery of important
virulence factors for plant infections, such as the SIX effector gene family, and provided us
with a better understanding of Fo pathogenicity (Luis David 2018). On the contrary,
research on Fo human-pathogenic strains have been minimal and no genomes were
reported until recently as part of my research (Zhang et al. 2020). Like the diversity in
plant-pathogenic Fo strains, clinical strains have been isolated from different geographical
locations and origins, ranging from hospital water systems to different body parts such as
lungs, blood, brain, and eyes. Phylogenetic analysis of multi-DNA sequences showed
genetic diversity among Fo clinical strains and found a recent dispersion of a widespread
clonal lineage, that is responsible for most clinical infections (O’Donnell et al. 2004). As
Fo strains are ubiquitous and persistent in the environment and are intrinsically resistant to
common antifungals such as azoles, they may sooner or later become a problem like the
sparse outbreaks we saw during the contact lens infections in 2005-2006 (Al-Hatmi, Meis,
and de Hoog 2016; Ahearn et al. 2008).
1.2 Alkaline stress and pH control in fungi
One of the common features of Fo clinical strains is that the body parts they were
isolated are generally neutral or alkaline in pH: eyes, lungs and blood (pH ~7.4), kidney
and brain (pH ~7.1). It seems likely that these strains have adapted to neutral/alkaline pH
5

compared to most plant-pathogenic strains, such as tomato and banana infecting strains, in
which their disease progression is most severe at acidic pH, and alkaline fertilizers are
commonly used to control disease (Fan and Li 2014). Most fungi that thrive in acidic pH
conditions, for example the optimal pH for Fusarium species and Saccharomyces
cerevisiae is around pH 6.0 and between 4.0-6.0, respectively (Sánchez-Rangel et al. 2018;
Narendranath and Power 2005). However, there are exceptions, for example some cottoninfecting Fo strains prefer neutral/alkaline pH (Taubenhaus et al. 1928). Alkaline pH can
be stressful for cells to maintain a stable intracellular pH, which tends to be slightly acidic
or neutral due to the uptake of protons, export of negatively charged ions, and metabolic
reactions that produce acids and protons.
The intracellular pH must be maintained at a steady-state to ensure normal cellular
activities because virtually every biological process is pH dependent. pH homeostasis is
essential because: 1) maintaining the proton and electrochemical gradient across
membranes is important for driving nutrient and ion uptake as well as ATP production; 2)
cellular organelles are compartmentalized to provide unique environmental conditions for
enzymes in metabolic pathways (Sanders 1982; Casey et al. 2010). Nutrient uptakes for
amino acids, carbohydrates, and ions, are heavily reliant on the proton gradient. In addition,
alkaline pH also affects the availability of certain nutrients. For example, iron (ferric
compounds) becomes insoluble in alkaline conditions. In response, some fungi have
evolved siderophore, high-affinity ferrous iron transporter and low affinity transporter
systems to sequester, reduce and transport iron (Haas 2014; Philpott 2006).
Alkaline pH also affects the content and composition of cytoplasmic carbohydrates
and membrane lipids as seen in alkaliphilic fungi like Sodiomyces tronii (Bondarenko et
6

al. 2017). Neutral pH can increase membrane sphingolipids and sterols, while reducing the
dominating phospholipids usually present under optimal conditions. Alteration of the
membrane composition protects the cells from stress by ensuring the stability of the plasma
membrane. Moreover, the fungal plasma membrane is organized into domains that house
distinct lipids and proteins that are affected by the change in pH and lipid composition
(Grossmann et al. 2007). These domains play important roles in pH regulation, amino acid
uptake and membrane trafficking.
In response to pH change, protons are extruded by proton pumps and transporters.
In the budding yeast Saccharomyces cerevisiae, the key players maintaining intracellular
cell pH are the plasma membrane proton P-type ATPase Pma1p and organellar V-type
ATPases (V-ATPases) (Kane 2016). Pma1p is responsible for generating electrochemical
potential and determining the cytosolic pH (Ferreira et al. 2001). Not only is it the most
abundant membrane protein and major ATP consumer, it is also essential for cell viability
(Morsomme et al. 2000). Pma1p homologs are present in all fungi but not in plants and
animals, thus making them a potential antifungal (Kjellerup et al. 2017). As an electrogenic
proton pump, its activity is regulated by intra- and extracellular pH and the electrochemical
potential. The latter is balanced by potassium uptake via the Trk1p and Trk2p transporters
(Mollinedo 2012). Unlike Pma1p, V-ATPases are conserved among eukaryotes and are
present in vacuolar, endocytic and secretory organelles (Maxson and Grinstein 2014). Their
primary role is to pump protons into organelles to acidify them, but they are also involved
in the regulation of cytosolic and extracellular pH in fungi (Martínez-Muñoz and Kane
2008). Although both Pma1p and V-ATPase contribute to cytosolic pH, they are activated
at low and high extracellular pH, respectively (Kane 2016). Due to the wide distribution of
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V-ATPases in important organelles, including Golgi apparatus, endosomes, vacuoles and
lysosomes, loss of V-ATPase activity impacts endocytosis, degradative processes,
membrane trafficking, virulence and so on (Klionsky 1990; Cotter et al. 2015) .
Potassium is required for maintaining a stable membrane potential and regulating
intracellular pH, protein synthesis and many others (Arino, Ramos, and Sychrova 2010).
Membrane potential, together with proton gradient, determines the proton motive force
(PMF) that is essential for molecule transport and uptake. The former is maintained by
plasma membrane transporters. In yeast cells, there are six types of well characterized
alkali metal cation transporters that serve to maintain potassium and sodium homeostasis,
membrane potential and regulate intracellular pH. They are the K + uptake transporters
Trk1p and Trk2p, K+ efflux channel Tok1p, Na+ symporter Pho89p (inorganic phosphateNa+), Na+ efflux pumps Ena (Na+-ATPases) and Nha1p (Na+/H+) antiporters (Arino,
Ramos, and Sychrova 2010). Most of these transporters rely on the PMF to pump metal
cations against their gradient, while the cation gradient could also be used to transport
protons against its gradient. Because of this relationship, H +-ATPase (Pma1p and VATPases) are referred to as primary active transporters, and those that rely on the gradient
they produce are referred to as secondary active antiporters.
Trk1p and Trk2p are localized on the plasma membrane lipid rafts that function to
mediate high-affinity K+ transport and sustain Pma1p operation (Yenush et al. 2005).
Regulation of Trk1p and Trk2p by Hal4p and Hal5p kinases were suggested to stabilize
the transporters and prevent their endocytosis, rather than directly regulating their activities
(Perez-Valle et al. 2007). Ena and Nha1p mediate Na+ transport to maintain low cytosolic
concentration of toxic sodium. The K+ efflux pump Tok1p also plays a role in this process
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but in a different capacity. Nha1p is involved in maintaining intracellular pH by extruding
H+ with Na+ (Brett et al. 2005). Ena is also implicated in pH response where the Ena1
expression is drastically induced to alkaline pH and high levels of Na + (Ruiz and Ariño
2007). The regulation of Ena1 involves many systems and pathways including regulation
by nutrient (via TOR), Hal3/Ppz system and multiple signaling pathways like the HOG,
calcineurin and PacC/Rim101p pathways (Platara et al. 2006). Ena1 is repressed by Nrg1p,
which is repressed by Rim101p in response to alkaline stress. Lastly, Pho89 encodes a Na+coupled phosphate transporter that is strongly induced at alkaline pH, which is largely
dependent on calcineurin (Viladevall et al. 2004).
1.3 PacC/Rim101p transcription factor in alkaline pH response
Several studies have demonstrated the importance of PacC/Rim101p in alkaline pH
response in fungi. PacC/Rim101 knockout mutants had severe growth defects at high pH.
In fact, PacC/Rim101p is involved in regulating a wide range of biological processes. Some
key processes include the 1) biosynthesis and/or activation of extracellular iron chelators
(siderophores), ferric reductases and permeases (Eisendle 2004; Ost et al. 2015; Bensen et
al. 2004); 2) response to lipid asymmetry or lipid stress (Rockenfeller et al. 2018; Ikeda et
al. 2008); 3) accumulation of reserve carbohydrates (Virgilio et al. 2017); and 4)
controlling virulence (Caracuel et al. 2003; Rascle et al. 2018).
The PacC/Rim101p transcription factor is part of the Pal/Rim signaling pathway,
which is required for alkaline pH response in higher fungi: Ascomycetes and some
Basidiomycetes (Antonio et al. 2010). The pathway consists of two major complexes: the
signaling complex positioned in the cortical membrane and the endosomal-sorting
complexes located in the cytosol. The signaling complex comprises the pH receptor
9

PalH/Rim21p, its assistant protein PalI/Rim9p, and an arrestin-like protein PalF/Rim8p. At
neutral or alkaline pH, PalF is ubiquitinated and phosphorylated, which allows it to bind to
the Endosomal Sorting Complexes Required for Transport (ESCRT)-I complex proteins,
PalC/Rim23p and Vps23. The role of ESCRT-I is to help generate multivesicular bodies
by clustering ubiquitinated proteins, as well as recruit the ESCRT-III complex (Schmidt
and Teis 2012; Alonso and Teis 2011). Subsequently, the recruitment of ESCRT-III
complex, along with PalA/Rim20p and the protease PalB/Rim13p, activates the Zn 2Cys6
(C2H2-type) transcription factor PacC/Rim101p by proteolysis (Díez et al. 2002). The
activated PacC/Rim101p is then translocated into the nucleus to regulate the expression of
both alkaline- and acid-expressed genes.
Despite the conservation of PacC genes in fungi, there are major differences in the
signaling pathway and its regulation, which highlights the divergence of PacC/Rim101
genes. First, the components of the Pal/Rim pathway can vary in numbers and presence.
For instance, PalH and PalF are not present in Basidiomycota (Antonio et al. 2010); while
in S. cerevisiae, PalH exists as two paralogs (Barwell et al. 2005). Second, the second
proteolytic cleavage event of PacC/Rim101p described in Aspergillus nidulans is not
identified in S. cerevisiae (Díez et al. 2002; Mitchell 1997). Third, PalF/Rim8p is
phosphorylated instead of ubiquitinated in Candida albicans (Gomez-Raja and Davis
2012). Additionally, a negative feedback loop only exists in C. albicans where the
expression of PalF/Rim8p is repressed at both transcriptional and translation levels upon
PacC/Rim101p activation. Lastly, PacC/Rim101 genes have diverse roles in regulating
virulence-related genes in fungal pathogens. For example, in plant pathogens,
PacC/Rim101 is required for pathogenicity in Colletotrichum acutatum while it functions
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as a negative regulator of plant infection in Fo (You et al. 2007; Caracuel et al. 2003). The
latter is also capable of infecting immunosuppressed mice, and interestingly, PacC/Rim101
is required for full virulence in this study (Ortoneda et al. 2004).
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CHAPTER II
COMPARATIVE GENOMICS AND TRANSCRIPTOMICS REVEALED THE
REWIRING OF PH REGULATION IN FUSARIUM OXYSPORUM
2.1 Introduction
The Fo strains are ubiquitous in the environment and many of them are causal
agents of vascular wilt diseases in plants (Ma et al. 2010). Recent years, comparative
genomics have been widely used to analyze the genomes of Fo plant-pathogenic strains to
identify accessory chromosomes that define pathogenicity. These chromosomes are
remarkably flexible in losing or gaining genetic materials via horizontal transfer, allowing
the organism to rapidly adapt and evolve (Mehrabi et al. 2011). Genome
compartmentalization is widely identified in plant-pathogenic Fo strains, but it is still
unclear whether human-infecting strains share this feature (Williams et al. 2016; Armitage
et al. 2018). Human-infecting Fo strains are often neglected by the general public due to
their low infection cases, however, the tides may be changing as Fusarium sp. are one of
the emerging causes of fungal infections in humans (Nucci and Anaissie 2007; Muhammed
et al. 2013; Jain et al. 2011). Broad spectrum of infections from superficial (often involving
the skin and nails), localized infections (arthritis and cystitis), and disseminated infections
often occur in immunocompromised people. Fusarium sp. are the second most frequently
encountered mold in severely immunocompromised patients and have an unacceptably
high mortality rates (50%-100%) (Dignani and Anaissie 2004; Nucci and Anaissie 2007).
Moreover, the diagnosis and treatments are poor and ineffective due to limited diagnosis
tools and fungal resistance to current available antifungals (Nucci et al. 2014; van
Diepeningen et al. 2015).
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The need to develop new tools for diagnosis and novel antifungals rely on our
understanding of fungal biology, especially their adaptability and pathogenicity.
Successful infections depend on the survival and adaptability of the pathogen, as well as
the relative hostility of the host environment. This pathogen-host interface shaped the
interaction between two parties and their evolution. Since the plants and humans have
distinct environments such as different immunity systems, physical barriers and structures,
and environmental parameters, pathogens have evolved distinct sets of genes to overcome
these obstacles (Kirzinger et al. 2011; van der Does and Rep 2017). Two major species
within the Fusarium genus, F. solani and Fo, can cause cross-kingdom infections in plants
and humans. However, under normal circumstances, strains have strict host-specificity,
meaning that plant- and human-pathogenic strains cannot cross infect other hosts. This
restriction is mostly imposed by their accessory genomes, which are known to harbor hostspecific virulence factors and regulators. Keeping in mind that Fusarium sp. are
opportunistic human pathogens, it is speculated that they have evolved unique weaponries
to help adaptation rather than active infections.
Not only are the genomes different among Fo strains, their transcriptional networks
can also be distinct. A recent transcriptome study on another Fusarium plant pathogen F.
virguliforme revealed that the global transcriptional network when infecting distinct hosts
(asymptomatic and symptomatic) is very different (Baetsen-Young et al. 2020). This
indicated that, even in the same strain, transcriptional networks are reprogrammed to fit
specific hosts. Such reprogramming phenomenon may be even more distinct in Fo
considering the presence of accessory chromosomes, which are enriched in regulators like
transcription factors and protein kinases (van der Does et al. 2016; DeIulio et al. 2018; Ma
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et al. 2010). One study on Fo tomato-infecting strain Fol4287 showed that the
PacC/Rim101p transcription factor is required for full virulence in immunosuppressed
mice but not tomatoes (Ortoneda et al. 2004; Caracuel et al. 2003). PacC/Rim101p is the
major regulator of pH response in response to alkaline conditions in Ascomycetes and some
Basidiomycetes (Antonio et al. 2010; Aréchiga-Carvajal and Ruiz-Herrera 2005; Kullas et
al. 2007). Considering PacC/Rim101p is widely involved in regulating biological processes
such as secondary metabolism, virulence and sporulation, it may have evolved different
regulatory functions among fungal species (Gauthier and Keller 2013; Z. Luo et al. 2017;
Bertuzzi et al. 2014; Bignell et al. 2004; Rascle et al. 2018; Su and Mitchell 1992).
Additionally, the number of protein kinases in the accessory genomes are variable among
Fo strains, some of which are specifically enriched in kinases associated with
environmental perception. These differences in gene families could also influence the posttranslational regulatory network (DeIulio et al. 2018).
All the above highlights the fundamental differences between Fo strains at the
genomic and transcriptional levels. Therefore, the core questions are 1) whether humanpathogenic Fo strains have accessory chromosomes, and if they do, how similar and
different are they compared to those in plant-pathogenic strains; 2) whether the
transcriptional networks are reprogrammed to suit specific hosts; and 3) whether accessory
genes, especially transcription factors, contribute to their differential response. To answer
these questions, we performed comparative genomics and transcriptomic analyses between
two Fo strains of distinct hosts: Fol4287 (tomato) and NRRL 32931 (human). Results
showed that NRRL 32931 had distinct accessory genomes with an enrichment for ion
transport, transcriptional regulation and signal transduction related genes. This genome
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comparison study has been published in Communications Biology (Zhang et al. 2020).
Additionally, their transcriptional networks were also very distinct and had limited
overlapping genes and biological processes. With the observation of the PacC/Rim101
gene expansion in the accessory genome of NRRL 32931, we showed that PacC genes
were involved in the reprogramming of the transcriptional network. These results indicated
that the core and accessory genomes are not separate entities, but rather they work as a unit
to provide host-specific responses.
2.2 Materials and Methods
2.2.1 Fungal Strains and Culture Conditions
The Fo strains used in this study include the wild-type and core PacC gene
knockout mutants (pacC) of Fo f. sp. lycopersici Fol4287 and Fo NRRL 32931. The
Fol4287 strains were kindly provided by Dr. Antonio Di Pietro (Department of Genetics,
University of Cordoba, Spain), and NRRL 32931 wild-type strain was obtained from the
ARS Culture Collection at USDA (Peoria, IL, USA). Fungal strains were stored in 30%
glycerol stocks at -80°C prior to culturing in Potato Dextrose Broth (PDB, Difco, Detroit,
MI, supplier no. 254920) at optimal temperature of 28°C and shaken at 120 rpm.
2.2.2 Cloning, Transformation and Gene Knockout
The pacC knockout strain of NRRL 32931, hereon referred to as pacC_o, was
generated by homologous recombination using the Agrobacterium tumefaciens (AGL)mediated transformation method as previously described (Paz et al. 2011). Briefly, the
upstream and downstream 1000 base-pair (bp) sequences of PacC_o (FOYG_02661) was
generated by polymerase chain reaction (PCR) and cloned into the pOSCAR vectors
(pOSCAR and pA-HYG OSCAR) (Addgene, Watertown, MA, USA, Cat No. #29639 and
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#29640). The bacterial transformants were selected by spectinomycin and verified using
colony PCR. The correct constructs were then transformed into the AGL-1 cells and grown
in 2 x YT medium supplemented with antibiotics. Prior to co-infection, AGL-1 cells were
resuspended in agrobacterium induction medium (IM) supplemented with acetosyringone
(AS) (Sigma-Aldrich, St. Louis, MO, Cat No. #D134406) and incubated for 6 hours.
Fungal spores were obtained from liquid cultures by filtration, and the spore concentration
was recalibrated to 2 x 106 spores/mL in IM medium. Agrobacterium cells and fungal
spores were mixed in 1:1 ratio and plated onto membrane filters (Sigma-Aldrich, Cat No.
HAWP04700) placed on co-cultivation (CM) medium plates supplemented with AS. After
2 days of incubation at 25°C, the filter membrane was transferred to Potato Dextrose Agar
(PDA) plates supplemented with 200 ug/mL hygromycin, 200 uM cefotaxime and 100
ug/mL moxalactam. The correct fungal transformants were obtained by single spore
isolation and their the genomic DNAs were extracted using cTAB (cetyl trimethyl
ammonium bromide)-phenol/chloroform extraction method as previously described
(Doyle and Doyle 1987; Ashktorab and Cohen 1992). The presence or absence of PacC_o
was confirmed by PCR using PacC_o specific primers: forward primer: 5’GAAGCCTCAGCTTCAACAACAA-3’

and

reverse

primer:

5’-

TACTCATACTTGATCCATTCTGG-3’).
2.2.3 Phenotyping Assays
Phenotyping was performed by inoculating spores, which were obtained from
filtering fungal PDB cultures through filter paper, onto solid plates made from various
media. The inoculum used was 1 x 106 total spores in 2 µL and was spotted in the middle
of the plate. The media used include PDA (Difco, Detroit, MI, supplier no. 213400),
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Czapek-Dox Agar (Difco, Difco, Detroit, MI, USA, supplier no. 233810), Tryptic Soy
Agar (Sigma, St. Louis, MO, USA, SKU no. 22092-500G) and Yeast Peptone Dextrose
Agar (YPDA, 3 g/L yeast extract, 10 g/L Bacto peptone, 20 g/L glucose, 15 g/L agar).
YPDA pH-buffered media were made by adding citric acid-phosphate (citric-Na 2HPO4)
buffers and adjusting to the desired pH values. Plates were incubated in the dark for 6 days
at 28°C.
2.2.4 Genome Sequencing, Assembly and Annotation
Whole-genome sequencing was performed using whole-genome shotgun with
Illumina sequencing technologies. The assembly process and genome annotation were
previously described in detail (Zhang et al. 2020). Homologous sequences were determined
with the cutoff of a minimal alignment length of 500 bp and 92% identity using MUMmer
v3.22.
2.2.5 Quantitative Polymerase Chain Reaction (qPCR) and eGFP-tagging
Fungal cultures were grown in various pH conditions and their mycelia were
collected for RNA isolation using the TRIzol reagent (Thermo Fisher Scientific, Waltham,
MA, USA, cat. # 15596018) as previously described (Schumann et al. 2013). RNA
concentrations and qualities were measured using Nanodrop 2000 and agarose gel,
respectively. Subsequent cDNA synthesis was performed using the iScript™ gDNA Clear
cDNA Synthesis Kit (Bio-Rad, Hercules, California, USA, cat. # 1725034). qPCR was
performed using the PerfeCTa SYBR Green SuperMix Low ROX (Quantabio, Beverly,
MA, USA supplier no. 95054-100). Fo GAPDH was used as a reference control gene.
For eGFP-tagging, PacC_b gene was amplified from its 1 kb upstream sequence to
the stop codon using PCR. PacC_o gene was amplified similarly but rather than to the stop
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codon, it was amplified to before the predicted cleavage site. The PCR products of the
expected sizes were extracted from the agarose gel using QIAquick Gel Extraction Kit
(Qiagen, Germantown, MD, USA, Cat No./ID: 28706) and subsequently cloned into the
pENTR gateway entry vector using the pENTR™/D-TOPO™ Cloning Kit (Invitrogen,
K240020, Carlsbad, CA, USA). The Gateway LR reaction was performed using the
pENTR construct with the pFPL-Gh destination vector (Addgene Plasmid #61648,
Cambridge, MA, USA). The correct constructs were confirmed via Sanger sequencing and
transformed into AGL1 competent cells. Agrobacterium-mediated transformation was
conducted as described in the Gene Knockout method.
2.2.6 Detection of PacC Gene in Fungi
Because the C2H2-type zinc finger domains of PacC proteins are conserved in
higher fungi, and arranged in tandem, I used the zinc finger domain sequences from the
core and accessory PacC proteins of NRRL 32931 to identity PacC proteins in fungi via
BLASTP (https://blast.ncbi.nlm.nih.gov/Blast.cgi?PAGE=Proteins). The BLAST searches
were performed by BLASTing each PacC zinc finger domain sequence against the nonredundant protein sequences (nr) database. Three organism parameters were used:
including Fo strains, excluding Fusarium sp. and Fo strains. These sequences were then
aligned using MAFFT (https://www.ebi.ac.uk/Tools/msa/mafft/) and their phylogenetic
relationships were inferred using the FastTree with default parameters (Price et al. 2010).
Syntenic regions between genomes were identified using LASTZ (Harris 2007).
2.2.7 Sample Preparation and Extraction for RNA-seq
Fungal mycelia were used in the transcriptomic experiments. Mycelia were
collected by filtering 6 days old PDB cultures through filter papers, washed twice with
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sterile water and dried with sterile paper. For each sample, 200 mg of mycelium was
resuspended in 20 mL of Yeast Peptone Dextrose Broth (YPD) medium, that was either
buffered to pH 5.0 or 7.4 using citric-phosphate buffers. The suspensions were incubated
in the shaker at 150 rpm and 28⁰C for 1 hour. After that, mycelium was filtered, dried and
100 mg were weighed out to be used for RNA extraction.
RNA extraction was performed by the combination of Trizol (Invitrogen, Carlsbad,
CA, USA, Cat No./ID: 15596026) and RNeasy Mini kit (Qiagen, Germantown, MD, USA,
Cat No./ID: 74104). Fungal mycelium was transferred into RINO RNase-free tubes (Next
Advance, Troy, NY, USA, Cat No. PINKR1-RNA) and homogenized together with Trizol.
After phase separation using chloroform, the clear phase was transferred to the RNeasy
column for RNA purification using the provided protocol. In-column DNase I treatment
was also performed using the RNase-Free DNase Set (Qiagen, Cat No./ID: 79254) to
remove residual DNA. The RNA qualities and quantities were measured using Qubit
Fluorometer and Bioanalyzer. The RNA library preparation and HiSeq RNA-seq were
performed by the Genomics Resource Laboratory at University of Massachusetts Amherst.
2.2.8 RNA-seq Alignment, Assembly and Data Analysis
Quality check of the RNA-seq reads was performed using the FastQC tool
(http://www.bioinformatics.babraham.ac.uk/projects/fastqc). Reads were aligned and
assembled using the Hisat2-Stringtie pipeline (Pertea et al. 2016). RNA-seq clustering
profiles were generated using the Weighted Correlation Network Analysis (WGCNA)
package (Zhang and Horvath 2005). For WGCNA analysis, the normalized gene
expression values Transcripts Per Kilobase Million (TPM) were used. This analysis only
included expressed genes (genes that have at least 1 TPM among all datasets). Hierarchical
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clustering of genes with high module membership values was performed using the
Euclidean distance in the MeV 4.9.0 software (http://mev.tm4.org). Heatmap correlation
of datasets were calculated using Pearson’s correlation of the TPM values. After network
construction, genes that had positive correlation values and had at least one datapoint with
a TPM value greater than 2 were further grouped into new subsets.
For differentially expression (DE) analysis, the raw read counts from Stringtie were
used in the DESeq2 R package (Love et al. 2014). Genes that had at least 10 mapped reads
across all datasets were kept and normalized using the “rlog” function. Genes with fold
change greater or equal to two and adjusted p-values less than 0.05 were considered as
differentially expressed genes. Principal components analysis (PCA) was also performed
using DESeq2. Gene Ontology (GO) term enrichment was performed using TopGO R
package and the results were visualized using REVIGO (Alexa and Rahnenfuhrer 2018;
Supek et al. 2011). Orthologs were identified using Orthofinder with the amino acid
sequences of primary transcripts (Emms and Kelly 2015). Ortholog expression was
conducted using the average TPM values of three biological replicates, and with the criteria
that at least one dataset exceeded the TPM threshold. Transcription factors of Fol4287 were
obtained from the Fungal Transcription Factor Database (FTFD) (http://ftfd.snu.ac.kr) and
DBD Database (http://www.transcriptionfactor.org) (Savojardo et al. 2018).
The Fusarium genomes used in our analyses were obtained from the Broad
Institute. This included F. graminearum PH-1 (FGSG), F. verticillioides 7600 (FVEG), F.
oxysporum (Fo) Fo5176 (FOXB), Fol4287 (FOXG), Fo f. sp. vasinfectum 25433 (FOTG),
Fo f.sp. melonis 26406 (FOMG), Fo f. sp. pisi HDV247 (FOVG), Fo f. sp. cubense tropical
race 4 54006 (FOIG), NRRL 32931 (FOYG), Fo cl57 (FOCG), Fo mn25 (FOWG) and
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Fo47 (FOZG). PacC binding motif scanning were performed using bowtie and MDscan
(Liu et al. 2002; Langmead et al. 2009); and PacC binding motif enrichment was performed
using Fisher’s exact test.
2.3 Results
2.3.1 Choice of Strains and Phenotyping
We selected a tomato-infecting strain Fol4287 and a clinical strain NRRL 32931,
representing Fo plant and human pathogens, respectively. Fol4287, the first sequenced Fo
genome, was chosen by the Fusarium research community as the reference genome (Ma et
al 2010). The genome was assembled into 15 chromosomes, including 11 core and 4
accessory chromosomes. NRRL 32931, was originally isolated from the blood of a
leukemia patient who had invasive Fusarium infection.
Phenotypes of wild-type NRRL 32931 and Fol4287 showed that both strains can
grow in various culture conditions, such as different nutrient availability and pH (Figure 21). Although it appears that NRRL 32931 had a bigger colony size, its growth rates were
also faster under these conditions. Growth rates reflect intrinsic adaptative differences, but
whether NRRL 32931 is better adapted to pH remains to be further examined. Lastly, the
growth rates and phenotypic appearances were influenced by the media composition. For
example, the growth rates were different in rich cultures with similar pH (between pH 5.0
plates of PDA and YPDA, and between pH 7.4 plates of TSA and YPDA).
2.3.2 Genome Assembly of NRRL 32931
A total of 34 million Illumina sequence reads were generated and assembled into
168 supercontigs. This yielded a genome size of 47.9 Mb with a N50 of 4.5 Mb (Zhang et

21

al. 2020). Genome partitioning was performed against the reference genome Fol4287 to
identify the core and accessory genomes which were 44.5 Mb and 3.4 Mb in size,
respectively. As expected, the two core genomes were highly conserved, sharing 23.4 Mb
homologous sequences, whereas their accessory chromosomes only shared 39.9 kb (Figure
2-2a).
The NRRL 32931 was predicted to encode 17,280 genes: 16441 in the core and 839
in accessory chromosomes. Hereon, the former is referred to as core genes and the latter as
accessory genes. In order to accurately identify orthologs and unique genes in NRRL
32931, we performed orthogroup inference between NRRL 32931 and Fol4287, as well as
among available genomes of Fo and its close relatives, F. graminearum (Fg) and F.
verticillioides (Fv). Between NRRL 32931 and Fol4287, respectively, there were 2009 and
4969 unique genes, comprising both core and accessory genes (Figure 2-2b). Subsequent
GO-term enrichment indicated distinct gene categories associated with each set of unique
genes: NRRL 32931 was enriched in metal ion transport and homeostasis and response to
pH, whereas Fol4287 was enriched in DNA biosynthesis and metabolism.
A total of 7664 unique genes were identified in Fusarium sp., and as expected Fg
and Fv genomes had more unique genes compared to Fo strains because they are more
evolutionarily distant. Among them, NRRL 32931 had one of the least numbers of unique
genes (281 genes), and none of the gene categories were significantly enriched (adjusted.
p-value < 0.05) (Figure 2-1c). This subset of uncharacterized genes may represent unique
factors that facilitate human host adaptation. For instance, we identified a unique fungal
homolog of the mammalian ceruloplasmin, which is a major copper carrier protein in the
blood involved in iron metabolism (Hellman and Gitlin 2002).
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2.3.3 PacC Gene Expansion in NRRL 32931
We discovered the gene expansion of the PacC/Rim101 transcription factor in
NRRL 32931. Aside from the conserved ortholog, PacC_o (FOYG_02661), that is present
in the core chromosome, there are also three PacC genes in the accessory genome: PacC_a
(FOYG_15914), PacC_b (FOYG_17204) and PacC_c (FOYG_17356), which collectively
are referred to as accessory PacC genes. Their nucleotide and amino acid sequence
identities, the 3rd position codon GC% and the Codon Adaptation Index (CAI) varied
greatly, indicating that they may have diverged in functions (Table 2-1).
As characterized in Ascomycete A. nidulans, the conserved PacC protein consists
of three Cys2His2 (C2H2)-type zinc finger domains and a C-terminal “processinginhibitory” domain that has to be cleaved by proteases in order for PacC to be activated
(Espeso et al. 1997; Fernández-Martı́nez et al. 2003). Accessory PacC proteins retained the
essential residues in the 2nd and 3rd zinc finger domains that are known to be required for
DNA-contact, while lacking the C-terminal inhibitory domain (Figure 2-3). Substantial
variations were observed in the 1st zinc finger domain, especially in PacC_a which did not
have an intact C2H2 motif. This sequence diversity may be explained by its role in protein
folding rather than direct DNA binding. A shift at the last histidine residue in the 3 rd C2H2
domain of PacC_b was also observed, but the impact of this variation is unclear.
2.3.4 Detection of PacC Gene Expansion and Synteny in Fungi
Zinc finger domain based phylogenetic analysis showed that the NRRL 32931
PacC proteins were clustered together, in which the accessory PacC proteins were branched
into separate clades from the core PacC_o protein (Figure 2-4a). As expected, the core
PacC proteins can be found in other fungal species but PacC_o was more closely related
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among Fusarium species. We identified two potential homologs of PacC_b that were only
present in Fo strains: Fo47 (FOZG_18249) and Fo f. sp. vasinfectum 25433
(FOTG_17344). Their zinc finger domain sequences shared a high sequence identity of
93% and 98% with PacC_b, respectively, but not with other PacC proteins (ranged from
56%-78%). Similarly, their full-length proteins were highly identical with PacC_b, 82%
and 97%, while others were below 51%. We also identified a potential homolog of PacC_a
in the non-pathogenic Fo PG isolate (Armitage et al. 2018). However, the zinc finger
sequence identities with NRRL 32931 PacC proteins were also relatively close (70%-86%),
whether it is a PacC_a homolog remains to be determined.
Further evidence of the syntenic relationship between the genomic region of
PacC_b with FOZG_18249 and FOTG_17344 (Figure 2-4b), indicated that genomic
regions that included PacC_b were horizontally transferred between strains. The 149 kb
supercontig_1.20 where PacC_b is located, shared 29 kb and 31 kb sequence homology
with

supercontig_1.19

(FOTG_17344)

and

supercontig_1.47

(FOZG_18249),

respectively. Other synteny blocks between PacC_b with FOTG_17344 and FOZG_18249
included neighboring genes such as HAL kinases (homologous to yeast Hal4p), suggesting
they may be transferred as a unit.
2.3.5 PacC Transcription and Nuclear Localization
The transcription of PacC genes were dependent on pH: induced as pH increased
from pH 4 to pH 8 (Figure 2-5a). The core PacC_o gene had the highest expression across
all pH conditions, while accessory PacC genes were hardly detected at pH 4. Nuclear
localization of transcription factors can reflect protein activity, especially in the case of
PacC_o, where it is cleaved upon alkaline perception and signaling in order to enter the
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nuclei. Nuclear localization of PacC_o- and PacC_b-eGFP tagged proteins were observed
in alkaline pH (pH 8), although the fluorescence intensity for PacC_b was much lower
possibly due to low expression under its native promoter (Figure 2-5b).
2.3.6 Core PacC_o Gene Knockout in NRRL 32931
Successful knockout of the PacC_o (FOYG_02661) gene was validated by PCR
using specific primers (Figure 2-6a). Fol4287 pacC knockout mutant was provided by Dr.
Antonio Di Pietro and used as a positive control (Caracuel et al. 2003). Consistent with
PacC’s role in alkaline pH response, both core pacC mutants displayed severe growth
defects at pH 7.4 and pH 8.0 (Figure 2-6b). Lesser degree of diameter growth reduction
was observed at acidic pH 5.0. Different phenotypes between two strains were observed
under menadione oxidative stress: NRRL 32931 pacC_o mutant showed circular
pigmentation and larger diameter growth, which was not displayed in Fol4287.
2.3.7 Transcriptome Sequencing
Fungal mycelia were treated in rich media that were either buffered to acidic pH
5.0 or alkaline pH 7.4 for an hour prior to RNA extraction. RNA-seq were performed from
high quality RNA samples of wild-types and pacC knockout mutants from NRRL 32931
and Fol4287. In total, 12 transcriptome samples (grouped into 4 datasets based on pH
which each had 3 biological replicates) generated an average of 24.3 and 25.1 million high
quality 75 base pair-end reads for NRRL 32931 and Fol4287, respectively. The average
base quality was around 34.1 for all strains per replica, per pH condition (Table 2.2). Raw
reads were assembled into each reference genome using the Hisat2-stringtie pipeline,
which yielded an average mapping percentage of 93.3 and 88.9, and average gene sequence
coverage of 89x and 77x, for NRRL 32931 and Fol4287, respectively.
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Overall, biological replicates under the same experimental treatments were highly
correlated determined using “rlog-transformed” reads as well as principal components
analysis (PCA) (Figure 2-7). The former is designed to avoid discrepancy caused by a few
highly variable genes. We found that NRRL 32931 datasets were generally variable among
pH conditions and genetic backgrounds. On the other hand, in Fol4287, the wild-types and
pacC mutants of the same pH conditions were closely related to each other, which was
explained by 76% variance in principal components 1 (PC1).
2.3.8 Correlation between Wild-type NRRL 32931 and Fol4287 Datasets
To filter out lowly expressed orthologs, we plotted the number of genes over TPM
thresholds, ranging from 1e-07 to 1e+05 (Figure 2-8a). The TPM value where at least half
of the genes were over the threshold was 7.56. A total of 7794 orthologs, which had at least
one dataset exceeding this threshold, were retained. Overall, the datasets were more closely
correlated within the same strain, each had a Pearson correlation coefficient of 0.90 (Figure
2-8b), indicating that the strain-specific variation is greater than the response to different
pH. This observation was consistent even when the TPM thresholds were set to 1, 10 and
100. Further clustering of the 923 conserved transcription factors identified a subset of 83
genes that had distinct expression profiles (Figure 2-8c). Unfortunately, most of these
transcription factors were uncharacterized. There were, however, 4 known yeast homologs:
Uga3, Tod6/Dot6, Put3 and Cup9. Interestingly, Uga3 and Put3 encode regulators
involved in the activation of gamma-aminobutyrate (GABA) and proline utilization,
respectively. Tod6p/Dot6p are involved in rRNA and ribosome biogenesis. Cup9 encodes
a transcriptional repressor that regulates the expression of major peptide transporters Ptr2p,
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where imported peptides triggered the ubiquitin-dependent proteolysis of Cup9 and the
release of Ptr2p inhibition (Turner et al. 2000).
Pearson’s correlation reflects the linear relationship between variables and
Spearman’s correlation reflects a non-parametric correlation. Considering the possibility
that our data may not be normally distributed and covariation linear, I also compared the
spearman’s correlation between the same TPM data and found the same correlation pattern
as Pearson. In Spearman’s correlation, the same strains but under different pH had a
correlation coefficient of 0.91 and this value between two different strains that value was
between 0.71-0.78. The latter was slightly lower than that in the Pearson’s correlation but
does not change our overall observation between the two strains.
2.3.9 Differentially Expressed Genes in Wild-types
Differentially expressed genes (DEGs) were generated by DESeq2 analysis, which
normalizes the library depths, estimates the gene-wise dispersion, and fits the negative
binomial model to determine if a gene had a significant change in expression levels
between pH 5.0 and pH 7.4. A total of 2195 and 3405 DEGs (at least two-fold change in
expression levels) were identified in NRRL 32931 and Fol4287, respectively (Figure 29a). Upregulated and downregulated DEGs represented genes that were induced and
suppressed at pH 7.4 (as compared to pH 5.0), respectively. There were 421 more
upregulated DEGs in NRRL 32931, while in Fol4287, there were 309 more downregulated
DEGs.
a. Differentially expressed orthologs
Among the DEGs, there were 1893 and 2402 conserved orthologs, but only 595
orthologs were shared between the two wild-type strains (Figure 2-9b). Even within the
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shared orthologs, most of them (357 genes) had opposite expression patterns: upregulated
in one and downregulated in the other strain. GO-term enrichment showed that there were
no significantly enriched biological processes in NRRL 32931 upregulated orthologs
(Table 2-3); NRRL 32931 downregulated orthologs were significantly enriched in
“ribosome biogenesis” and “rRNA metabolism” related processes; Fol4287 upregulated
orthologs were enriched in “rRNA metabolism”, “ribosome biogenesis” and “secondary
alcohol metabolism”; lastly, Fol4287 downregulated orthologs were enriched in “negative
regulation of secondary metabolite biosynthesis” and “entry into other organism involved
in symbiotic interaction”. Comparing all the differentially expressed orthologs in each GO
category, we found that genes were regulated in different manners (Figure 2-9c). For
instance, all ribosome biogenesis associated genes (majority of them overlapped with
rRNA metabolic process) were upregulated in NRRL 32931 at pH 5.0 while in Fol4287
they were upregulated at pH 7.4 (Figure 2-9d). The expression of 92 DEGs related to
ribosome biogenesis were listed in Table 2-4.
b. Unique genes
A total of 138 and 694 unique genes were differentially expressed in NRRL 32931
and Fol4287, respectively (Figure 2-9a). In each strain, their differentially expressed
unique genes were associated with different GO-term classes (Figure 2-10). In NRRL
32931, they were categorized into iron related processes, such as cellular response to metal
ion and metabolism of siderophores (N', N", N'''-triacetylfusarinine C), and response to
alkaline pH. On the other hand, Fol4287 differentially expressed unique genes were
associated mainly with metabolic and biosynthetic processes.
c. Plasma membrane transporters and pH homeostasis regulators
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Of all the known yeast plasma membrane transporters, only homologs of Pma1,
Nha1, Kha1, Pho89 and Ena1 were differential expressed in either or both NRRL 32931
and Fol4287 datasets. The major H+ pump Pma1 was downregulated in NRRL 32931 at
pH 7.4 but not in Fol4287. Pma1 gene expression in Fol4287 was maintained at a high
level (~3000 TPM) at both pH 5.0 and pH 7.4, while its expression in NRRL 32931
dropped more than 2-folds at pH 7.4. In contrast, the Na+/H+ antiporter Nha1 and K+/H+
antiporter Kha1 were both upregulated at pH 7.4 in Fol4287 and not NRRL 32931. Pho89
and Ena1 genes were upregulated at pH 7.4 in both strains. Interestingly, Pho89 was
expanded in NRRL 32931 where it had 6 genes compared to the 4 in Fol4287. Among
them, 1 and 3 genes were differentially expressed in Fol4287 and NRRL 32931,
respectively. On the other hand, Ena1 was expanded in Fol4287, where it had 7 genes
compared to 5 in NRRL 32931. All these genes, except one in NRRL 32931, were
differentially expressed. The differences in expression profiles may indicate the two strains
are under different cellular states under different pH conditions.
2.3.10 Gene Co-expression Network of Wild-types and pacC Mutants
To investigate the role of the core PacC genes in regulating transcription, we first
constructed co-expression networks to identify gene modules that have similar expression
profiles across all the datasets. A total of 17 modules in NRRL 32931 (N1-N17) and 13
modules in Fol4287 (F1-13) were detected (p-value < 0.05) (Figure 2-11). GO-term
enrichment analysis was then performed for each module, where we observed some
significantly enriched GO-terms were shared between NRRL 32931 and Fol4287 modules.
Modules N1 and F5 were both enriched in “cellular protein modification process” and had
similar expression profiles: higher expression in wild-types and pacC mutants at pH 5.0
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than pH 7.4. Similarly, “DNA replication” in N14 and F2 had similar expression profiles
where the expression was highest in the wild-types at pH 5.0, but there were also slight
variations in pacC mutants at pH 7.4.
Most modules had distinct enriched GO-terms, and in some cases, modules
displaying similar expression profiles in NRRL 32931 and Fol4287 were associated with
opposite biological processes. Noticeably, NRRL 32931 modules N12 and N17 were
related to catabolic processes, in which they displayed highest expression at pH 7.4 in the
wild-type but then a dramatic drop in the pacC_o mutants; while Fol4287 modules F4, F7
and F13, which shared similar expression profiles like N12 and N17, were enriched with
metabolic processes related to biosynthesis. One of the major differences observed was
“ribosome biogenesis”. There were two modules in NRRL 32931 (N2 and N11) and one
module in Fol4287 (F10) enriched for ribosome biogenesis, however, they had distinct
expression profiles. This was consistent with our previous observation that wild-type
NRRL 32931 and Fol4287 ribosome biogenesis genes had opposite expression patterns
(Figure 2-9d): the highest expression for modules N2 and F10 were in wild-types at pH 5.0
and pH 7.4, respectively. Interestingly, module N11 which was also enriched in “ribosome
biogenesis”, had an expression decrease in the pacC_o mutant at pH 5.0 but had similar
expression elsewhere. By comparing genes in modules N2 and N11 with 40S and 60S
assembly factors, there were 108/897 genes (12%) in N2 and 7/176 (4%) genes in module
N11 that were related to ribosome assembly. Additionally, modules F9 and N11, enriched
for “translation”, shared similar expression features with F10, where their expressions
decreased in the pacC mutants at pH 7.4. This indicated that gene expressions (ribosome

30

biogenesis and translation) are active at different conditions and affected by core PacC
genes.
a. Modules and genes regulated by PacC
To identify genes regulated by PacC, we examined the enrichment of the known
PacC binding motif (5’-GCCAAG-3’) in the promoter regions of each module (Table 2-5).
Only two modules from each strain (N4, N12, F4 and F10) were significantly enriched (pvalue < 0.05) for PacC binding motif. Over 40% of their genes had at least one binding
motif (Figure 2-12a). However only N12 and F10 were significantly enriched for having
at least one to four PacC binding motifs. Their expression profiles were identical, in which
the highest expression was in the wild-types at pH 7.4. This is consistent with PacC’s
induction and roles at alkaline pH, thereby these two modules referred to as PacC modules.
Among the genes in the PacC modules, there were only 116 shared orthologs. In
addition, there were 82 and 344 unique genes, which accounted for 10% and 18% of the
genes in PacC modules of NRRL 32931 and Fol4287, respectively. The former also
included all accessory PacC genes. Comparing significantly enriched GO-terms, we found
that the NRRL 32931 PacC module was enriched in three major categories (Figure 2-12b):
a) proteasomal ubiquitin-independent protein catabolism and proteasome assembly; b)
cellular metal ion homeostasis, transition metal ion transport and cellular response to cation
stress; and c) entry into host. On the other hand, Fol4287 PacC module was enriched in
four major categories: i) rRNA metabolism and ribosome biogenesis; ii) cellular
metabolism including organic cyclic compound, nitrogen compound and drug; iii)
tricarboxylic acid (TCA) cycle; and iv) ion transmembrane transport.
2.3.11 Gene Expression and PacC Binding Motif Variations
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Variations in the binding motifs could potentially prevent or disrupt the binding of
PacC, thereby altering the expression and regulation of PacC target genes. In the two PacC
modules, there were 304 genes that had at least one motif variation. Among them included
genes involved in the various biological processes mentioned in section 2.3.10. For
instance, in Fol4287, there were three ribosome biogenesis genes (FOXG_05180,
FOXG_01603 and FOXG_08324), two TCA genes (FOXG_04307 and FOXG_08758).
Whereas, in NRRL 32931, four genes were involved in proteasome assembly
(FOYG_00399, FOYG_07187, FOYG_08412, FOXG_04360 and FOYG_16450). The
expression of these genes was consistent with their PacC modules.
Among the 304 genes, there were 24 genes that had the highest variability in
expression between the NRRL 32931 and Fol4287 (Figure 2-13). The common features of
these genes include low or variable expression in one strain, while in the other strain, they
were induced in the wild-types and showed PacC dependence. For instance, the expression
of FOXG_04307, which encodes a homolog of the yeast succinate dehydrogenase Sdh3p
or its paralog Shh3p, was induced at alkaline pH in a PacC-dependent manner. The
succinate dehydrogenase is a key enzyme in both TCA cycle and oxidative
phosphorylation. Compared to the 3 PacC binding motifs in FOXG_04307, there was a
single nucleotide change in one of those motifs in its NRRL 32931 counterpart (Table 26). This suggested that a single nucleotide change could alter expression and PacC
regulation. However, overall, there was no correlation between gene expression and the
number of PacC binding motifs.
2.4 Discussion
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The genome of Fo plant-pathogenic strains are widely studied, which allowed us
to appreciate the complexity and variability in their genomic structure. Their genomes
can be partitioned into the conserved core and the diverse accessory chromosomes. The
core chromosomes are highly conserved among the Fusarium genus, whereas the
composition of accessory chromosomes are confined within a few strains (Ma et al.
2010). Accessory chromosomes, although smaller in size (~11% of the genome in the
reference Fol4287), comprises important host-specific virulence factors and regulators
that define pathogenicity. Direct transmission of these pathogenicity chromosomes into a
nonpathogenic strain can transform the recipient strain to become pathogenic. Over the
years, several other plant pathogenic Fo genomes have been sequenced, all found to
possess accessory genomes (Armitage et al. 2018; Zhao et al. 2013; Sperschneider et al.
2015). On the other hand, our understanding of Fo human-pathogenic isolates is limited
in terms of genomic information. Like Fo plant-pathogenic strains, clinical isolates are
genetic diversity, in which most isolates belonged to the same clonal lineage, which was
suggested to have recently dispersed (O’Donnell et al. 2004).
Prior to our research, there was no genome sequenced for Fo human-pathogenic
isolates, and thereby we did not know if these isolates also possessed accessory
chromosomes and whether they differed from those in plant-pathogenic strains. To fill in
this missing gap, we sequenced and assembled the first genome of a human-pathogenic
isolate, NRRL 32931, that originated from the blood of a leukemia patient. As expected,
its genome displayed high sequence conservation with the core genome of Fol4287,
while its accessory genome was distinct (Figure 2-2). The accessory genes were enriched
in ion transporters, transcription regulation and signal transduction, which might play a
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role in adapting to the human host environment (Zhang et al. 2020). Metal ions are
essential for fundamental biological processes for living organisms, and are often limited
by the host during infection (Becker and Skaar 2014). Having more ion transporters
would be beneficiary to sequester and/or increase ion uptake.
Unique genes in NRRL 32931 include a ceruloplasmin homolog (FOYG_17127)
and an expansion of the pH-responsive transcription factor PacC/Rim101. The former
encodes a homolog of the major copper-carrying protein that transfers copper around the
human body via bloodstream. In addition to carrying copper, it is also important for iron
metabolism and homeostasis, especially affecting iron accumulation in the central
nervous system (Patel et al. 2002; Roeser et al. 1970). This indicates that FOYG_17127
may be involved in iron uptake, however, I did not observe any phenotypic and growth
differences between wild-type and FOYG_17127 knockout mutants under iron and
copper limiting media (data not shown). Similar results were obtained for strains that
were starved in iron-depleted medium prior to the growth assays. It may be possible that
the iron concentration or cellular iron storage was still high enough to sustain growth as
the wild-types still grew well under those conditions.
The expansion of PacC/Rim101 was most unexpected as it is a highly conserved
single gene. Its functional roles range widely from fungal development, stress, and
alkaline pH response to pathogenicity. PacC/Rim101 knockouts in various fungal strains
have shown growth defects under alkaline conditions, and interestingly, this growth
defect can vary in different fungal species. For instance, at pH 8.0, no growth was
observed in Cryptococcus neoformans, while Trichoderma virens displayed limited
growth (Ost et al. 2015; Trushina et al. 2013). This indicated that PacC/Rim101 has
34

species-specific roles in alkaline response. Unexpectedly, we found that the functions of
PacC/Rim101 were also different among strains of the same species. Our transcriptomic
analysis on wild-type strain NRRL 32931 and plant-pathogenic strain Fol4287, showed
that the two strains responded very differently to acidic and alkaline pH conditions
(Figure 2-7). Most noticeably, ribosome biogenesis associated genes had opposite
expression patterns: higher expression at pH 7.4 than at pH 5.0 for NRRL 32931, and
vice versa for Fol4287. Ribosomes mediate translation thus the abundance of ribosomes
reflects protein synthesis, cellular activity and even stress response (Albert et al. 2019). If
we consider the environmental pH where each strain is adapted to: NRRL 32931 was
isolated from the human blood (pH 7.4) and Fol4287 from tomato plants, where
Fusarium wilt is most severe at acidic pH (pH 5.0-6.0), ribosome biogenesis seems to be
negatively correlated with their “optimal” pH environment. One hypothesis is that they
need to adjust to “non-optimal” pH, which impacts pH homeostasis and nutrient
availability. If this is truly the case, it would open new perspectives on Fo host adaptation
and the underlying transcription regulatory network. To confirm this observation, we
propose to perform pulse-chase experiments to compare protein synthesis between the
two strains under various pH.
Pma1p is activated when the intracellular pH is low to pump out H +. The
regulation of Pma1p is very complex, which involves nutrient (glucose) metabolism and
various signaling pathways such PKA, TORC-Sch9 and Ras-cAMP (Deprez et al. 2018).
Therefore, the downregulation of the Pma1 gene at pH 7.4 in NRRL 32931 may reflect a
difference in intracellular pH or physiology state. It suggested that the requirement of
Pma1p in NRRL 32931 is reduced at alkaline pH, while its transcription in Fol4287 is
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maintained at a high level. Pma1p is the major component in the plasma membrane and
consumer of ATP in yeast, which supported our finding that ribosome biogenesis and
TCA processes are induced in Fol4287 at higher pH to provide more proteins and energy.
Whether this is the case can be verified by analyzing the Pma1p protein abundance or
ribosome activity using Western blot. The differences in the number of expressed Ena1
and Pho89 genes may suggest a different cellular response to pH or nutrient availability,
as Pho89p transports Na+, H+ and phosphate into the cell, while Ena1p pumps out
Na+/K+.
Co-expression network analysis of both wild-types and pacC mutants for NRRL
32931 and Fol4287 further showed large differences in gene regulation (Figure 2-11).
Particularly, in the PacC modules, where genes were significantly enriched for PacC
binding motifs and had their highest expression in the wild-types at pH 7.4. The two
PacC modules were significantly enriched in two different categories: proteasomal
catabolism in NRRL 32931 and ribosome biogenesis in Fol4287, indicating that PacC is
potentially the direct regulator of these processes. The difference in metabolism between
the two strains at alkaline pH: catabolism in NRRL 32931 and biosynthesis in Fol4287,
may reflect the different ways strains adapt to pH. Catabolism in NRRL 32931 may
indicate increased protein turnover and the magnitude in pH response. One possible
example is that NRRL 32931 may be more adapted to high pH. Therefore, the
downregulation of Pma1 transcripts may be accompanied by the degradation of present
Pma1p proteins that were not needed at that condition. On the other hand, Pma1
transcripts and proteins are more needed in Fol4287.
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The difference in PacC regulation may result from the variations in the PacC
binding motifs. In fact, within the PacC modules, we identified genes involved in
proteasome assembly, TCA cycle and ribosome biogenesis, to have variations in their
PacC binding motifs. The best example is the homolog, FOXG_04307, which encodes a
homolog of yeast succinate dehydrogenase Sdh3p or mitochondrial inner membrane
protein Shh3p. However, the identity of FOXG_04307 could not be determined as Sdh3p
and Shh3p are paralogs and indistinguishable by phylogeny. The ortholog in NRRL
32931 was lowly expressed and did not display PacC-dependence like that observed in
FOXG_04307. Considering the importance of succinate dehydrogenase complex in
mitochondrial respiratory and TCA cycle, FOXG_04307 is more likely to encode for
Shh3p (Kregiel 2012). Nevertheless, studies in yeast have shown that shh3 is able to
complement Δsdh3 mutants, and this hybrid enzyme has altered metabolic properties in
terms of extracellular metabolite content (Szeto et al. 2012).
Moreover, all the expanded PacC genes in NRRL 32931 were present in this
module and PacC_b was nuclear localized at alkaline pH, which indicated that these
accessory PacC genes could also contribute to gene regulation. Variations in the
sequences, GC% and codon usage bias, suggested that PacC genes could have different
origins and diverged in functions. By examining the presence of PacC genes in other Fo
strains, we identified one PacC_b homolog each in a non-pathogenic strain Fo47 and a
cotton-infecting strain Fo f. sp. vasinfectum 25433. Several blocks of conserved
sequences were shared within the PacC_b local genomic region (Figure 2-4), suggesting
the occurrence of horizontal gene transfer events. Interestingly, the disease proliferation
of Fo f. sp. vasinfectum 25433 in cotton is in favor of neutral to alkaline pH (Liu et al.
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2011). This further raises the possibility that PacC expansion is advantageous for alkaline
adaptation, which will be discussed in the next chapter.
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Table 2-1. Comparison between PacC genes. 1
Nucleotide and amino acid identities (%), 3rd position codon GC% and Codon Adaptation
Index (CAI) between PacC coding sequences were compared. Amino acid sequence
identities (%) between PacC proteins were represented in brackets.
Nucleotide and amino acid identities
PacC_o

PacC_a

PacC_b

PacC_o

100.0 (100.0)

PacC_a

64.7 (65.7)

100.0 (100.0)

PacC_b

68.1 (57.3)

75.7 (67.0)

100.0 (100.0)

PacC_c

59.4 (50.5)

57.7 (51.2)

68.2 (39.0)

3rd position codon GC% and CAI
3rd GC%

CAI

PacC_o

56.3%

0.65

PacC_a

67.6%

0.56

PacC_b

52.7%

0.48

PacC_c

64.3%

0.56
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PacC_c

100.0 (100.0)

Table 2-2. Summary of RNA-seq. 1
Wild-type denoted as WT and pacC mutant denoted as mt.
Dataset
(NRRL32931)

pH7.4 WT

pH7.4 mt

pH5.0 WT

pH5.0 mt

Dataset
(Fol4287)

pH7.4 WT

pH7.4 mt

pH5.0 WT

pH5.0 mt

Total Read-pairs

Average base
quality

Mapping (%)

Average
Coverage

23,204,978

33.8

89.62

85.41

25,935,075

33.9

89.62

95.84

25,341,793

34

90.83

94.43

24,266,124

33.9

91.36

91.26

24,194,465

33.9

90.73

88.04

21,608,504

33.5

89.48

78.32

24,969,768

34.3

92.79

91.68

23,988,717

34.3

93.04

87.93

22,761,736

34.3

94.42

83.24

25,674,078

33.6

94.02

93.11

24,795,525

34.3

94.48

91.65

24,528,594

34.3

94.46

91.51

Total Read-pairs

Average
base quality

Mapping (%)

Average
Coverage

24,127,135

33.6

82.6

69.56

26,021,378

33.9

83.67

73.64

24,376,411

33.8

83.98

70.71

26,555,482

34

89.05

85.33

25,940,055

33.9

88.65

81.72

25,088,499

33.8

88.43

79.09

24,969,466

34.3

89.43

74

24,814,111

34.3

88.09

76.19

25,311,702

34.4

88.68

76.55

25,219,162

34.4

93.17

78.3

26,066,055

34.3

93.32

83.01

24,068,648

34.4

93.17

75.57

40

Table 2-3. GO-term enrichment of DEGs in NRRL 32931 and Fol4287. 1
Only top 20 significantly enriched “Biological Process” GO-terms were shown. The
“Annotated” column represents all genes under that GO-term, while the “Significant”
column represents significantly enriched gene counts. Table continued to next page.
GO Term
Annotated Significant Expected Adj. p-value
NRRL 32931 upregulated orthologs (1119)

n/a
NRRL 32931 downregulated orthologs (774)
rRNA metabolic process
167
rRNA processing
141
ribosome biogenesis
206
ribonucleoprotein complex biogenesis
238
ribosomal large subunit biogenesis
67
ncRNA metabolic process
301
ncRNA processing
219
maturation of 5.8S rRNA
60
maturation of 5.8S rRNA from rRNA
60
transcript...
maturation of LSU-rRNA
27
RNA processing
331
maturation of LSU-rRNA from
25
tricistronic...
endonucleolytic cleavage in 5'-ETS of
24
tr...
cleavage involved in rRNA processing
50
endonucleolytic cleavage to generate
25
mat...
rRNA 5'-end processing
25
ncRNA 5'-end processing
25
RNA 5'-end processing
26
endonucleolytic cleavage in ITS1 to
28
sepa...
maturation of SSU-rRNA
57
Fol4287 upregulated orthologs (1114)
ribosome biogenesis
rRNA metabolic process
ribonucleoprotein complex biogenesis
rRNA processing
ncRNA processing
ncRNA metabolic process
ribosomal small subunit biogenesis
ribosomal large subunit biogenesis
maturation of SSU-rRNA
maturation of SSU-rRNA from
tricistronic...
secondary alcohol metabolic process
RNA metabolic process

44
40
48
48
25
53
43
20
20

8.64
7.29
10.65
12.31
3.46
15.56
11.32
3.1
3.1

1.02E-16
1.57E-16
1.66E-16
6.54E-14
3.97E-13
4.79E-13
4.85E-12
2.12E-09
2.12E-09

14
48
13

1.4
17.12
1.29

2.22E-09
1.00E-08
1.00E-08

10

1.24

2.43E-05

14
10

2.59
1.29

2.43E-05
3.08E-05

10
10
10
10

1.29
1.29
1.34
1.45

3.08E-05
3.08E-05
4.50E-05
9.63E-05

14

2.95

0.000101946

206
167
238
141
219
301
72
67
57
51

60
50
61
43
51
59
24
22
20
18

16.85
13.66
19.47
11.53
17.91
24.62
5.89
5.48
4.66
4.17

1.03E-15
1.57E-13
1.67E-13
5.88E-12
1.94E-09
6.27E-08
4.39E-07
2.67E-06
3.17E-06
1.41E-05

210
1550

41
178

17.18
126.77

2.85E-05
6.27E-05

41

gene expression
ergosterol metabolic process
phytosteroid metabolic process
carboxylic acid catabolic process
organic acid catabolic process
cellular alcohol metabolic process
maturation of LSU-rRNA from
tricistronic...
endonucleolytic cleavage involved in
rRN...
Fol4287 downregulated orthologs (1290)
negative regulation by symbiont of
entry...
negative regulation by organism of
entry...
negative regulation by symbiont of
entry...
modulation by organism of entry into
oth...
modulation by symbiont of entry into
hos...
negative regulation by organism of
entry...
negative regulation of sterigmatocystin
...
regulation by organism of entry into
oth...
modulation by symbiont of entry into
hos...
entry into other organism involved in
sy...
negative regulation of secondary
metabol...
regulation of locomotion
negative regulation of meiotic cell
cycl...
negative regulation of sexual
sporulatio...
interaction with host
regulation of gliotoxin biosynthetic
pro...
positive regulation of gliotoxin
biosynt...
positive regulation of kojic acid
biosyn...
negative regulation of sporulation
resul...
regulation of kojic acid biosynthetic
pr...

1739
135
135
447
448
137
25

194
29
29
66
66
29
11

142.23
11.04
11.04
36.56
36.64
11.21
2.04

0.000113379
0.000209067
0.000209067
0.0002352
0.000239812
0.000243911
0.000264084
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12

2.54

0.000399127

51

16

3.43

6.47E-05

51

16

3.43

6.47E-05

51

16

3.43

6.47E-05

51

16

3.43

6.47E-05

51

16

3.43

6.47E-05

51

16

3.43

6.47E-05

72

19

4.84

7.84E-05

53

16

3.56

7.84E-05

53

16

3.56

7.84E-05

76

19

5.11

0.000128327

76

19

5.11

0.000128327

78
105

19
22

5.25
7.06

0.000182332
0.0003529

90

20

6.05

0.0003529

231
61

36
16

15.53
4.1

0.0003529
0.0003529

61

16

4.1

0.0003529

43

13

2.89

0.000548956

103

21

6.93

0.000593514

44

13

2.96

0.000593514
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Table 2-4. Expression of ribosome assembly factors. 1
The table included 92 DEGs that were associated with ribosome biogenesis. Orthologs
were represented using NRRL 32931 gene id. Expression values (TPM) were shown as
blue bars. Basically, the higher the expression, the longer the bars. Table continued to next
page.
Gene_ID
FOYG_00530
FOYG_10279
FOYG_07895
FOYG_11111
FOYG_10733
FOYG_06275
FOYG_05377
FOYG_09831
FOYG_03596
FOYG_03240
FOYG_10785
FOYG_07104
FOYG_06457
FOYG_04978
FOYG_06733
FOYG_08460
FOYG_11295
FOYG_06083
FOYG_08725
FOYG_03601
FOYG_01252
FOYG_06718
FOYG_16264
FOYG_12153
FOYG_07341
FOYG_08410
FOYG_03178
FOYG_02782
FOYG_02546
FOYG_02868
FOYG_07354
FOYG_09947
FOYG_03539
FOYG_08525
FOYG_16432
FOYG_08672
FOYG_09712
FOYG_03154
FOYG_01615
FOYG_11155
FOYG_05101
FOYG_02865
FOYG_05443

NRRL 32931
pH_5.0_WT
978.2
700.9
603.5
529.0
521.2
488.7
419.3
394.7
295.5
289.3
281.3
264.4
257.3
242.2
241.4
235.8
230.5
222.4
217.3
212.0
208.8
206.3
197.6
195.0
194.3
188.3
184.8
183.7
181.2
181.1
178.8
177.3
171.9
171.1
170.8
168.9
165.2
158.8
154.8
153.4
152.4
151.1
150.2

NRRL 32931
pH_7.4_WT
665.5
504.3
460.7
1667.5
368.9
207.9
272.6
194.6
139.2
217.1
153.5
116.4
106.7
192.6
112.9
94.4
96.5
118.2
89.0
80.7
109.1
128.2
105.0
96.3
60.1
60.2
70.1
53.1
74.5
72.9
136.5
92.8
338.2
112.5
61.4
60.8
71.9
72.3
64.0
56.6
57.2
62.3
60.8
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Fol4287
pH_5.0_WT
1023.5
831.8
526.4
475.8
493.6
466.0
338.2
334.4
285.1
208.5
235.1
212.0
195.3
149.0
136.4
189.6
230.6
175.8
177.2
210.0
122.8
159.2
124.0
142.6
173.4
176.4
141.4
134.6
139.3
122.2
112.2
78.6
858.7
138.6
115.5
158.4
102.2
123.3
165.6
126.8
116.8
120.8
172.8

Fol4287
pH_7.4_WT
2197.2
1603.3
1053.8
658.8
1012.6
916.9
860.2
880.6
564.3
432.9
528.1
440.4
369.1
341.6
459.0
317.0
374.6
358.5
309.2
301.9
275.8
314.6
339.8
387.7
349.1
325.4
256.2
226.5
308.0
181.4
222.3
209.5
1708.7
478.6
292.9
300.8
196.8
248.8
208.1
250.6
218.9
184.0
227.4

FOYG_05548
FOYG_16509
FOYG_08809
FOYG_11419
FOYG_06771
FOYG_03447
FOYG_09455
FOYG_05069
FOYG_11154
FOYG_08042
FOYG_03537
FOYG_10110
FOYG_10797
FOYG_04926
FOYG_05128
FOYG_08621
FOYG_04744
FOYG_01287
FOYG_07170
FOYG_05601
FOYG_06676
FOYG_01192
FOYG_09918
FOYG_02898
FOYG_01173
FOYG_09953
FOYG_03058
FOYG_01579
FOYG_06363
FOYG_12592
FOYG_10822
FOYG_06860
FOYG_05324
FOYG_10996
FOYG_02638
FOYG_07065
FOYG_16275
FOYG_05135
FOYG_00639
FOYG_12366
FOYG_02780
FOYG_05147
FOYG_03416
FOYG_07145
FOYG_01370
FOYG_11675
FOYG_15367
FOYG_11201
FOYG_09625
FOYG_07077

145.0
140.4
140.2
139.2
136.6
135.2
132.9
126.9
125.9
122.5
119.2
110.8
110.1
109.2
102.2
98.9
98.2
95.3
93.6
93.5
90.6
89.9
87.8
87.3
83.5
80.4
74.1
66.4
65.3
65.2
62.4
61.0
54.3
51.8
50.7
48.9
44.4
43.4
39.5
37.5
25.9
23.5
15.4
10.3
6.9
4.6
2.1
0.8
0.2
0.0

60.6
58.2
60.4
42.4
62.3
47.5
51.0
60.1
44.6
43.4
44.9
61.8
35.9
45.2
43.7
37.0
88.5
38.9
28.6
79.4
36.6
36.7
29.9
33.6
168.6
43.4
30.3
26.3
28.0
93.7
24.4
23.0
14.4
15.7
16.4
18.6
25.1
25.8
13.5
15.1
6.7
10.2
9.1
3.2
0.0
6.6
4.0
0.0
0.0
0.0

57.2
128.8
92.3
135.2
115.7
96.7
79.2
82.3
109.8
114.2
62.7
39.4
87.4
100.9
61.2
31.5
72.3
67.9
63.6
157.9
68.7
81.9
79.4
59.6
86.6
49.1
54.1
47.2
57.9
59.9
55.2
64.3
29.0
18.2
13.2
30.0
29.1
35.2
33.2
21.5
31.1
52.6
9.3
51.1
174.9
139.3
3.0
0.0
0.0
119.0
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101.1
198.5
194.5
235.5
229.8
196.7
216.7
213.5
152.3
139.9
115.0
127.0
152.2
140.1
123.5
151.8
211.7
133.0
183.8
418.3
136.7
112.8
85.1
80.4
102.5
111.3
107.2
80.4
121.4
130.7
98.2
113.4
39.6
81.3
34.9
38.6
97.1
93.3
48.5
34.1
63.5
117.9
4.1
99.1
401.4
268.1
1.3
12.5
0.2
235.1

Table 2-5. Enrichment analysis of PacC binding sites in each module of each strain. 1
The p-value was calculated for each category. P-values < 0.05 were marked with an
asterisk.
Module
One
NRRL 32931
N1
N2
N3
N4
N5
N6
N7
N8
N9
N10
N11
N12 (PacC)
N13
N14
N15
N16
N17
Fol4287
F1
F2
F3
F4
F5
F6
F7
F8
F9
F10 (PacC)
F11
F12
F13

Number of genes with at least
Two
Three

Four

1.000
0.999
0.819
0.002 *
0.806
0.623
0.282
0.783
0.983
0.156
0.064
< 2.2e-16 *
0.532
0.991
0.881
0.947
0.004 *

1.000
1.000
0.602
0.000 *
0.462
0.850
0.502
0.941
0.966
0.855
0.871
< 2.2e-16 *
0.638
0.658
0.222
0.953
0.207

1.000
0.997
0.963
0.045 *
0.327
0.807
0.112
0.924
0.970
0.531
0.758
< 2.2e-16 *
0.945
0.853
0.377
0.294
0.770

1.000
0.978
1.000
0.095
0.346
0.888
0.062
1.000
1.000
0.597
1.000
< 2.2e-16 *
0.907
1.000
0.893
0.898
0.631

0.876
0.631
0.133
0.049 *
0.995
0.531
0.077
0.067
0.675
0.003 *
0.675
0.914
1.000

0.815
0.967
0.533
0.102
0.879
0.941
0.148
0.021 *
0.684
0.000 *
0.427
0.785
0.986

0.573
0.741
0.537
0.084
0.999
0.880
0.225
0.110
0.541
0.000 *
0.983
0.400
0.985

0.665
0.954
0.398
0.460
0.870
0.975
0.257
0.126
0.263
0.000 *
0.998
1.000
0.783
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Table 2-6. Difference in PacC binding motifs in highly variable genes. 1
The table shows the number of PacC binding motifs (5’-GCCAAG-3’) in each strain and
their difference. Bold underlined gene ids represent the strain/PacC module that they were
identified in.
Gene ID
FOYG_09719/FOXG_03242
FOYG_00806/FOXG_04025
FOYG_00471/FOXG_04307
FOYG_00195/FOXG_04524
FOYG_00194/FOXG_04525
FOYG_04178/FOXG_05728
FOYG_02046/FOXG_07395
FOYG_16076/FOXG_07396
FOYG_02032/FOXG_07407
FOYG_13693/FOXG_09591
FOYG_13619/FOXG_09647
FOYG_13504/FOXG_09745
FOYG_08580/FOXG_10401
FOYG_08871/FOXG_10676
FOYG_14484/FOXG_13339
FOYG_14490/FOXG_13344
FOYG_14986/FOXG_14662
FOYG_10346/FOXG_15688
FOYG_14002/FOXG_16977
FOYG_05836/FOXG_17114
FOYG_09316/FOXG_18428
FOYG_00108/FOXG_18858
FOYG_14987/FOXG_21601
FOYG_17132/FOXG_21959

# GCCAAG in
NRRL32931
0
1
2
1
1
3
3
2
4
3
2
3
3
2
0
4
2
0
0
3
1
1
1
0
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# GCCAAG in
Fol4287
1
0
3
2
2
4
0
0
3
4
4
2
2
1
1
3
3
1
1
2
0
2
2
1

Difference
-1
1
-1
-1
-1
-1
3
2
1
-1
-2
1
1
1
-1
1
-1
-1
-1
1
1
-1
-1
-1

Figure 2-1. Phenotypes and growth rates of NRRL 32931 and Fol4287 under various
media plates.1Fungal spores were inoculated on the middle of the plates and phenotypes
were measured daily. Colony diameters were only plotted after day 1 as fungal hyphae just
started to appear. The growth rates were measured by subtracting the diameter (cm) from
the previous day and dividing it by the hour difference (h). Growth data points for NRRL
32931 and Fol4287 were represented as pink and blue circles, respectively. Lines between
circles represent growth rate and were indicated as numbers.
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Figure 2-2. Genome comparison between NRRL 32931 and Fol4287. (a) The accessory
genome of NRRL 32931 were combined into one part. Overall, 93% of the NRRL 32931
genomic sequences were homologous to Fol4287, with the majority belonging to the core
genome. (b) Bar graph of orthologs and unique genes between NRRL 32931 and Fol4287.
The former represents conserved genes, and latter represents genes that were only present
in NRRL 32931 or Fol4287. Unique genes were further divided by their chromosomal
location (core or accessory chromosome). Significantly enriched GO-terms were
highlighted above each gene category. (c) Number of unique genes in closely related
Fusarium species including F. graminearum (FGSG), F. verticillioides (FVEG) and other
F. oxysporum strains (FOxx).
1
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Figure 2-3. Protein domain structure of NRRL 32931 PacC proteins. The core PacC_o
protein consists of three C2H2-type zinc finger domains (Znf_C2H2), a C-terminal
processing-inhibitory domain and a predicted protease cleavage site. The nuclear
localization sequence (NLS) is embedded in the Znf_C2H2. Accessory PacC proteins are
truncated but are similar in size to the cleaved PacC_o and retain the Znf-C2H2 DNA
binding motif. The Znf-C2H2 domains were aligned to PacC in other ascomycetes A.
nidulans PacC (Afu3g11870), Fg (FGSG_12970) and Fv (FVEG_05393). Known residues
involved in folding and DNA contact were represented in black triangles and yellow
circles, respectively. Amino acid changes found in NRRL 32931 accessory PacC were
highlighted as blue blocks.
1
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Figure 2-4. PacC gene expansion in other Fo strains.1(a) Phylogenetic tree constructed
from BLAST hits of three Znf-C2H2 protein domain sequences. A close-up of PacC
phylogenetic clade is presented to the right. (b) Synteny between the PacC_b genomic
regions of NRRL 32931, Fo47 and Fo f. sp. vasinfectum 25433. Gene were denoted as
orange arrows.
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Figure 2-5. Transcription and nuclear localization of PacC genes.1(a) Transcription of
PacC genes were induced by alkaline pH. (b) Nuclear localization was observed for
PacC_b- and PacC_o-eGFP tagged proteins. The PacC_b-tagged proteins had to be
exposed at a higher fluorescence intensity in order to see fluorescence, which were
indicated as white arrows.
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Figure 2-6. Core PacC_o knockout mutants.1(a) PCR amplification of NRRL 32931
PacC_o gene. The Fol4287 pacC mutant was used as a positive control. Only in WTs could
the core PacC genes be amplified, indicating the conservation of core PacC genes and
confirming our knockouts. (b) Phenotypes of WT and core pacC knockout mutants of
NRRL 32931 (pacC_o) and Fol4287. Top panel: YPDA-buffered to pH 5.0, 7.4 and 8.0.
At alkaline pH, both pacC knockout mutants have significant reduction in colony size. This
reduction was also observed at acidic pH but to a lesser degree. Bottom panel: PDA
supplemented with menadione (90 uM), which functions as an oxidative stressor. The
pacC_o mutant displayed abnormal phenotypes in terms of coloration and colony
morphology, which were not observed in Fol4287.
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Figure 2-7. Similarity between RNA-seq datasets.1Top panel represents the Euclidean
distance between samples (3 biological replicates) generated by “rlog transformed” data.
Bottom panel represents PCA plot of samples after “rlog transformation”. Each dot
represents one biological replica. Overall, both panels showed that the NRRL 32931 and
Fol4287 datasets were less correlated, while datasets of each strain were more correlated.
Wild-type and pacC mutants were denoted as WT and mt, respectively.
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Figure 2-8. Sample correlation between datasets. 1(a) Distribution of orthologs across
TPM thresholds. (b) Pearson correlation was performed on genes that exceeded the selected
TPM thresholds (denoted in brackets). (c) Hierarchical clustering of shared putative
transcription factors. The differentially expressed transcription factor cluster was zoomed
in.
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Figure 2-9. Differentially expressed orthologs in NRRL 32931 and Fol4287.1(a)
Distribution of differentially expressed genes (DEGs). DEGs represent genes that had at
least 2-fold change in expression and an adjusted p-value smaller than 0.05. DEGs were
further separated into up- and down-regulated genes. The former represents genes that were
upregulated at pH 7.4, and the latter represents genes that were downregulated at pH 5.0.
(b) Venn diagram of differentially expressed orthologs. Only a small proportion of these
orthologs (595 genes) were shared between the two strains, and among them, 357 genes
had opposite expression patterns. (c) Significantly enriched GO-terms and their associated
differentially expressed ortholog counts. (d) Relative expression of ribosome biogenesis
genes, which included 40S and 60S ribosome assembly factors. Z-score of 1 indicates a
value that is one standard deviation from the average gene expression. Expression of
ribosome biogenesis genes had distinct expression patterns: yellow line for Fol4287 and
blue line for NRRL 32931.
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Figure 2-10. GO categories associated with expressed unique genes. 1The pie chart
represents the occurrences of GO terms in each set of unique genes. In NRRL 32931, GO
terms were associated with cellular response to metal ions, response to alkaline pH and
host interaction. The former included the regulation of triacetylfusarinine c, which is a
hydroxamate siderophore used for iron acquisition. In Fol4287, the GO-terms were
generally related to metabolic processes.

56

Figure 2-11. Co-expressed gene modules.1The representative expression profile of each
module (N1-17, F1-13) was plotted using its eigengene (defined as the first principal
component of the expression matrix). Black triangles represent biological replicates. The
most significantly enriched GO-term was shown under “Top GO-term”, if there was none
then it was denoted as “N/A”. Overall, there were modules that had similar expression
profiles and GO-terms, for instance N7 and F9, which were both related to translation;
while some had distinct GO-terms, for example N17 was enriched for amino acid
catabolism and F13 was associated with metabolic processes (biosynthesis).
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Figure 2-12. GO-enrichment of PacC modules.1(a) Percentage of the PacC binding
motifs in each PacC module. (b) Treemap of significantly enriched GO-terms in each PacC
module. The general GO-terms of each category were highlighted in bold.
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Figure 2-13. Expression profiles of 24 orthologs with variation in the PacC binding motif.1Top and bottom panel represent genes
in NRRL 32931 and Fol4287 PacC modules, respectively. The expression values (TPM) of each pair of orthologs were compared.
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CHAPTER III
THE TRANSCRIPTIONAL REGULATORY ROLE OF ACCESSORY PACC
GENES IN RESPONSE TO ALKALINE PH
3.1 Introduction
In recent years, the rapid burst of whole genome sequencing information has
solidified the two genome or the “two-speed” genome concept in Fo, where the genome is
structural compartmentalized into core and accessory and they have different evolutionary
speeds (Coleman et al. 2009; Ma et al. 2010). Affiliated with this structure, comes
functional specialization, in which the core genome fulfills essential housekeeping
functions, while the accessory genome is believed to perform functions related to host
adaptation and infection. In addition to their differences in gene content, their GC%, gene
density, level of plasticity, richness of transposable elements and epigenetic regulation are
also highly distinct (Fokkens et al. 2018; Ma et al. 2010). With such huge differences raises
many intriguing and unanswered questions. One of which is how these two, seemingly
individual entities, coordinate with one another to regulate cellular processes and switch
between normal development and host-adaptation or pathogenic state.
The abundance of genomic information allowed us to identify regulators, especially
those in the accessory genome, that may contribute to the crosstalk between core and
accessory. Transcription factors (TFs) and protein kinases (PKs) are well-known regulators
of cellular activities, in which TFs control the gene expressions and PKs mediate signal
transduction and regulate protein functions via protein modifications. Gene expansion of
TFs and PKs, especially those with multi-copies in the accessory genome, have been
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widely observed in Fo. In fact, there is a positive correlation between the number of PKs
in the accessory genome with the total number of accessory genes (DeIulio et al. 2018). In
addition, Fo strains each have their distinct PKs composition, which includes expansion of
certain groups of PKs in the accessory genome. For instance, the expansion of the HAL
kinase family in NRRL 32931, which is involved in regulating the activity of potassium
transporters Trk (Mulet et al. 1999); and the expansion of the target of rapamycin (TOR)
kinase and histidine kinases in plant-pathogenic strains. TOR kinases are central players in
controlling cell growth and nutrient-related processes, while histidine kinases are involved
in environmental signal sensing. This suggested that evolution has shaped individual Fo
with unique sensory and regulatory capacities to adapt to its environment.
Although several expanded TF families were identified in Fo, it is largely unclear
what is the relationship between the core and accessory members and what roles they play.
Studies have shown that the accessory TFs are functional and are the major regulators of
fungal virulence. For example, in the FTF gene family, both core FTF2 and accessory
FTF1 TFs positively regulates fungal virulence factors such as the SECRETED IN
XYLEM (SIX) effectors and the SIX gene regulator SGE1 (Niño-Sánchez et al. 2016;
Shahi et al. 2016). FTF1 genes are up-regulated during Fo f. sp. phaseoli infection, and the
number of FTF1 genes are associated with pathogenicity (de Vega-Bartol et al. 2011; NiñoSánchez et al. 2015). Interestingly, knockouts of FTF2, which is conserved in filamentous
Ascomycetes, displayed reduced virulence but was lesser compared to FTF1. This is
consistent with the theme that accessory genes are involved in defining pathogenicity. The
potential relationship between core and accessory TF was explored in the EBR gene family,
where it was found that the core EBR1 regulates the expression of accessory EBR2 genes
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(Jonkers et al. 2014). Losing the core EBR1 gene resulted in reduced pathogenicity and
impaired growth, but accessory EBR2 genes, expressed under the EBR1 promoter, were
able to rescue the phenotype. This indicated that the expression of accessory genes may
rely on the core gene and they may have redundant functions.
The importance of transcriptional regulation was also highlighted during the
experimental horizontal chromosome transfer from pathogenic strain Fol4287 to the nonpathogenic strain Fo47 (Ma et al. 2010). Although Fo47 gained pathogenicity after
acquiring the accessory chromosome 14, which is rich in SIX genes, it became more
virulence when it also acquired genomic regions from accessory chromosomes 3/6. This
particular region includes many TFs such as aTF1, aTF4, aTF6, aTF7, aTF8 (EBR2) and
aTF9 (van der Does et al. 2016). The authors proposed that accessory chromosomes are
partially self-autonomous. Supporting this notion, the global gene regulatory network
modeling in Fg showed that species-specific genes are often controlled by species-specific
regulators, and vice versa for conserved genes.
The main challenge in studying gene family expansions in Fo is that they are highly
similar in sequence but variable in copy numbers. Constructing gene knockouts can be
tedious and may not produce meaningful data as genes may have redundant functions. As
mentioned in the previous chapter, we discovered a unique expansion of the PacC/Rim101
gene family in NRRL 32931. Aside from the core PacC_o gene, which is conserved in
higher fungi, there are 3 additional accessory PacC genes (PacC_a, PacC_b and PacC_c).
These accessory genes were truncated in length compared to PacC_o but still retained the
DNA binding domains coupled with sequence variations. In addition, they may have
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diverged in functions as they have different codon usage bias and 3rd position GC%, which
makes them a choice for studying the functional role of accessory TFs.
The major goal of this present study is to understand the regulatory roles of core
and accessory PacC genes, and how they interact with each other in terms of transcriptional
regulation in NRRL 32931. Particularly, I am interested in the following questions: a) what
their relationship is; b) what biological processes they regulate and how similar they are;
and c) whether they cross-regulate genes in respect to their sub-genomes. By analyzing the
transcriptome datasets of pacC_b and pacC_o knockout mutants at alkaline pH, we
identified major differences in gene regulation, which included core and accessory genes
that are co-regulated by both PacC genes. This study provides evidence for functional
divergence of gene expansions and highlights the significant rewiring of the transcription
network by accessory TFs.
3.2 Materials and Methods
3.2.1 Fungal Strains and Phenotyping
The Fo strain NRRL 32931 and the Fo f. sp. lycopersici 4287 (Fol4287) were used
in this study. The culture conditions were described in the previous strain. Phenotyping
plate assays were performed by inoculating 1 x 106 spores/mL concentration of spores onto
solid agar plates. The base media used include PDA and YPDA. PDA was supplemented
with NaCl (to a final concentration of 0.6 M), menadione (90 uM) or caspofungin (1
ug/mL). YPDA was supplemented with citric-phosphate buffer to pH 7.4 with or without
the addition of Congo red (1 mg/mL) (Sigma-Aldrich, Cat No. #C6277). The plates were
grown at 28°C for 3-6 days.
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3.2.2 Gene Knockout
The pacC_b knockout mutant was generated using the same method for pacC_o as
described in Chapter II. Successful pacC_b knockouts were confirmed by examining the
presence of PacC_a, PacC_c and PacC_o but the absence of PacC_b, using specific PCR
primers: PacC_a (forward primer: 5’-TGGACCAGTCGGTGGCGTCGTTC-3’, reverse
primer: 5’-CAAGGCAGCTCTTTACGGTGACG-3’);
PacC_b (forward primer: 5’-ATGTCGGTCACATCTACGCCCGA-3’, reverse primer: 5’CTGTCTCAGTGAGTTCAGGCGTG-3’);
PacC_c (forward primer: 5’-ACTCACTCCGGCCCCAGAGCGGA-3’, reverse primer:
5’-ATCAGCGGCCATGGGGTTGTTG-3’);
PacC_o (forward primer: 5’-ATGTCTCCTCCCGCTCCAGAGCAG-3’, reverse primer:
5’-AGCGCCAGGCATGCGAAGGATAG-3’).
3.2.3 Transcriptome Generation and Data Analysis
RNA samples were collected from wild-type NRRL 32931 and pacC_b knockout
mutants after being treated in YPDA-buffered pH 7.4 medium for an hour. The RNA-seq
transcriptome analysis followed the same workflow as Chapter II. Briefly, The sequencing
quality was analyzed with FastQC, the raw reads were aligned and assembled against the
reference NRRL 32931 genome using the Hisat2-Stringtie pipeline (Pertea et al. 2016).
Differential expression analysis, GO-term enrichment and KEGG (Kyoto Encyclopedia of
Genes and Genomes) pathway analysis were performed using DESeq2 (Love et al. 2014),
TopGO (Alexa and Rahnenfuhrer 2018) and clusterProfiler R packages (G. Yu et al. 2012),
respectively. Co-regulated genomic regions were identified using the criterion: at least 6
consecutive DEGs within the same genomic regions.
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3.3 Results
3.3.1 PacC_b Gene Knockout and Phenotype Comparison
Successful knockout of PacC_b was confirmed with PCR (Figure 3-1a). In
knockout strains, only PacC_b was not able to be amplified using specific primers, while
all other PacC genes (PacC_a, PacC_c and PacC_c) were detected. Positive controls,
including the previously generated pacC_o and Fol4287 pacC mutants (Caracuel et al.
2003), were able to amplify PacC_b but not PacC_o.
We examined the growth phenotypes on solid medium plates supplemented with
various stress conditions (Figure 3-1b): rich acidic (PDA), rich alkaline (YPDA pH 8.0),
osmotic stress (NaCl), oxidative stress (menadione), cell wall stress (caspofungin) and a
combination of alkaline and cell wall stress (congo red). On PDA plates, in pacC_b
mutants, we observed the lack of aerial mycelia (hyphae networks), which are upward
growing hyphae that display a “fluffy” appearance. On alkaline pH plates, both mutants
had reduced growth in diameter but pacC_o was much more significant. Similar growth
reduction was also observed under cell wall stress, especially in pacC_o mutants, where
growth was totally diminished. In contrast, under osmotic and oxidative stress, pacC_b
mutants showed larger growth in diameter compared to pacC_o mutants and the wildtypes. Lastly, no noticeable differences were observed on antifungal caspofungin
supplemented plates.
Additionally, we also observed higher spore concentrations in pacC_b mutants
grown in liquid cultures with an alkaline pH (pH 8.0). Two types of spores were observed,
and they were named as “small” and “big” spores based on appearance (Figure 3-1c). While
“big” spores were absent in pacC_o mutants, they were significantly more in pacC_b
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mutants compared to wild-types and pacC_o mutants. The occurrence of these two types
of spores seems to be linked to certain conditions, as we did not observe “small” spores in
other media such as PDB.
3.3.2 Transcriptional Relationship Between Accessory PacC with Core PacC_o
It has been reported in Fol4287 that PacC is capable of autoregulating its own
expression (Caracuel et al. 2003). Considering that all PacC genes in NRRL 32931 have
at least 2 PacC (5’-GCCAAG’-3) binding motifs in their own promoter regions: PacC_a
(2), PacC_b (3), PacC_c (5) and PacC_o (7). With previous studies showing the core EBR1
regulates accessory EBR2 genes (Jonkers et al. 2014), we speculate PacC_o may also
regulate the expression of accessory PacC genes. Both RT-PCR and RNA-seq data agreed
that PacC_o is the major regulator of accessory PacC genes (Figure 3-2). In pacC_o
knockout mutants, the expression of accessory PacC genes were largely reduced and were
not detected in the more sensitive RNA-seq data.
3.3.3 Transcriptome Sequencing of pacC_b Knockout
The transcriptome of pacC_b knockout mutant and wild-type NRRL 32931 had an
average of 28 million paired-end reads, per biological replicate with an average high base
quality of 34.4 (Table 3-1). Over 94% of the reads were mapped to the NRRL 32931
reference genome and yielded a high average gene coverage of 105x. Correlation of the
entire transcriptomic data showed that the biological replicates of each dataset were
strongly correlated (Pearson’s r > 0.96), but at the same time, the correlation coefficient
between wild-types and pacC_b mutants were also high (0.89 < r < 0.94) (Figure 3-3a).
Even after removing low variable genes, this did not change, which may indicate the
change in expressions only occurred in a small number of genes. On the other hand, PCA
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plot based on negative binomial distribution showed that wild-type and pacC_b datasets
were clearly grouped separately (Figure 3-3b).
3.3.4 Differential Expression Analysis and Functional Profiling
A total of 1645 DEGs (2 fold-change and p-value < 0.05) were identified, which
represented approximately 9.5% of the entire genome. Under the same alkaline pH
condition (pH 7.4), there was almost twice as much upregulated DEGs (1050) than
downregulated DEGs (595). The former was defined as genes that had higher expression
in the wild-type, and vice versa for the latter. GO-term enrichment showed a wide range of
biological processes were affected when PacC_b was knocked out (Figure 3-4). Among
the upregulated DEGs, there were 22 significantly enriched GO terms (p. adj < 0.05) that
can be classified into two major categories: to “ion transmembrane transport” and “maltose
metabolism”. On other hand, there were only 4 GO-terms enriched in downregulated
DEGs, all of which were related to lipid metabolism.
We also performed the KEGG enrichment analysis to identify pathways enriched
in each set of DEGs. Only in downregulated DEGs were there significantly enriched
pathways, including porphyrin and chlorophyll metabolism, ether lipid metabolism, and
biosynthesis of secondary metabolites (unclassified). The 27 downregulated DEGs
identified through the process were further examined based on sequence homology and
known annotations. Consistent with the KEGG results, some of the genes were related to
phospholipids metabolism, trichothecenes and secondary metabolite biosynthesis, cell wall
biosynthesis, and resistance to reactive oxygen species (Table 3-2).
3.3.5 PacC Binding Motifs Enrichment in DEGs
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The conservation of the amino acids responsible for DNA contact in PacC proteins
(Figure 2-3), indicated that PacC_b may share the same binding motifs as PacC_o (5’GCCAAG-3’) (Caracuel et al. 2003). Within the DEGs, we calculated the statistical
significance of having none, at least 1, 2, 3, or 4 PacC binding motifs in their promoter
regions. Only in the downregulated DEGs, we detected significant enrichment for PacC
binding motifs (p-values < 0.0003) (Table 3-3a). Interestingly, when we compared this
result to our pacC_o mutant RNA-seq dataset that was generated under the same
experimental conditions, we found significant enrichment in its upregulated but not
downregulated DEGs (Table 3-3b).
3.3.6 Identification of PacC_b Dependent Genes
We identified 6 gene clusters (C1-C6) that contained 378 DEGs with at least 4 fold
change in expression (Figure 3-5). Except in clusters C1 and C2, both core and accessory
genes were present in the clusters, indicating PacC_b can regulate both genomes. Clusters
C1, C2, C3 and C6 displayed the greatest difference in expression between wild-type and
pacC_b knockout.
Clusters C1 and C3 displayed higher expression in the wild-type and appeared to
be related to stress response and detoxification. They included several yeast homologs that
are related to multidrug resistance or cellular detoxification (Table 3-4), such as ABC
transporters/multidrug transporters Pdr genes (FOYG_08870, FOYG_11994 and
FOYG_15209), drug:H+ antiporter Yhk8 and nitrosoguanidine resistance protein Sng1
(FOYG_13545). In addition, there were also two monocarboxylate permeases Mch4
(FOYG_07682 and FOYG_16958) that are known to be induced during osmotic stress and
conferred resistance to glycine (Melnykov and Elson 2019; Grey et al. 1995). Other genes
68

also included nutrient transporters like low-affinity zinc transporter Zrt2 (FOYG_08637)
and phosphate transporter Pho89 (FOYG_13162); and a sterol deacetylase Say1
(FOYG_02338).
On the other hand, clusters C2 and C6 displayed higher expression in pacC_b
mutants. Yeast homologs include protein kinase Hal4 (FOYG_17203 and FOYG_17207),
mRNA surveillance proteins Dom34 and Nam7 (FOYG_08712 and FOYG_08333),
cytosolic aspartate aminotransferase Aat2 (FOYG_05136) and sporulation-specific
enzyme Dit1 (FOYG_13475).
3.3.7 DEGs Comparison between pacC_o and pacC_b datasets
We compared the DEGs in our two separate RNA-seq datasets, that were generated
under the same conditions (pH 7.4, 28°C, 1 hour) but in different batches, to identify the
differences and similarities in gene regulation by PacC_b and PacC_o. Surprisingly, the
DEGs profiles were distinct between the two datasets, and only 596 DEGs were shared
between them (Figure 3-6). This is reflected in the different significantly enriched GOterms, in which the knockout core PacC_o had a more dramatic and broader impact on
cellular processes, while PacC_b knockouts affected a limited number of processes.
a. Non-overlapping DEGs
In pacC_o dataset, secondary metabolite biosynthesis and metal ion transport
related processes were heavily affected, which included both up- and down-regulated DEG.
This indicated that PacC_o functions as both a positive and negative of metal ion
transporters and secondary metabolism. Meanwhile, ribosome biogenesis or non-coding
RNA (ncRNA) metabolism were enriched in downregulated DEGs, which were
represented in the module N2 (Figure 2-11). On the other hand, as previously mentioned,
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the pacC_b dataset affected limited and narrow cellular processes: upregulated DEGs were
related to ion transmembrane and maltose metabolism, while downregulated DEGs were
related to lipid metabolism, particularly sphingolipids.
b. Shared DEGs
Among the 596 shared DEGs, 128 were upregulated in both datasets. They were
significantly enriched in GO-terms associated with ion transmembrane transport and
copper homeostasis. Annotated genes were largely related to nutrient utilization and
transporter (Table 3-5). They included the gamma-aminobutyrate (GABA) transaminases
Uga1/Uga2 and 5-oxoprolinase Oxp1, which are involved in converting 5-oxo-proline to
glutamate; nutrient and ion transporters for phosphate, glycerol, polyamine, heme,
thiamine, dicarboxylic amino acid and copper; and regulators such as the K + transporter
regulator protein kinase Hal4. For the 73 DEGs that were downregulated in both datasets,
they were enriched in sphingolipid metabolism and the regulation of membrane lipid
distribution.
On the other hand, 396 DEGs had opposite expression patterns between the two
datasets. Among them were 143 DEGs upregulated in pacC_o and downregulated in
pacC_b. These genes were enriched for the regulation of membrane potential, lipid
metabolism, cellular response to cation stress and H2O2 metabolism, and included yeast
homologs involved in amino acid (Asp3), carbohydrate (Pfk and Ima) and sterol (Rer2 and
Nus1) metabolism. Although no significant GO-terms were associated with the other 253
DEGs, their yeast homologs were involved in nutrient and ion transport: phosphate
(Pho89), carbohydrate (Rgt2), cysteine (Yct1), ion (Ftr1, Fet3 and Zrt2) and ABC
transporters (Ste6 and Snq2/Pdr5); and also tRNA processing (Trz1, Tpt1, Trl1 and Tif6).
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These results displayed the huge difference in cellular response and gene regulation
by PacC genes, which affected genes and biological processes involved in nutrient uptake,
primary and secondary metabolism, and metal ion transportation. This indicated that those
processes are essential to alkaline pH response and may be mediated by both PacC genes.
Other processes such as sphingolipid metabolism were mostly induced in pacC_b mutants,
but some of those genes were also induced in pacC_o mutants, suggesting that regulation
of sphingolipids may be mediated through PacC_b.
3.3.8 Genomic regions and Genes Co-regulated by Both PacC genes
Genes that are located near PacC_b displayed opposite expression patterns between
the two datasets (Figure 3-7). These genes, FOYG_17202-17207, showed relatively similar
expression values in the wild-types, despite them being generated in two batches. However,
they were highly expressed in the pacC_b knockout but not expressed in the pacC_o
knockout. This region consists of genes encoding 3 HAL protein kinases Hal4,
transcription factor Asg1, and phosphate transporter Pho89, and are all rich in PacC binding
motifs (ranging from 3-9). The Hal protein kinase genes are expanded in NRRL 32931: 1
in the core (FOYG_03029) and 6 in the accessory (FOYG_17202-203, 17207-208,
FOYG_17220 and FOYG_17363) genomes. The core Hal, however, was not differentially
expressed, while the 4 accessory Hals that are in the same supercontig as PacC_b were.
This indicated the accessory HALs are antagonistically regulated by both PacC_o and
PacC_o, which would downstream K+ transporters.
In addition, we identified 17 core and 4 accessory genomic regions that were coregulated by PacC_b and PacC_o (Figure 3-8a). Among them, 5 regions displayed
opposite expression patterns, where the PacC_b region was the only one present in the
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accessory genome. Except for the PacC_b region, most genes were uncharacterized. On
the other hand, there were 2 regions that had shared the same expression patterns (Figure
3-8b), where they were either all up- or down-regulated. The one in the core region was
particularly enriched in cytochrome P450 encoding genes (5 out of 9 genes). This included
the sporulation-specific microsomal enzyme Dit2 required for yeast spore wall maturation
(Briza et al. 1994). The other region is on the accessory supercontig_1.28, which included
two putative TFs, FOYG_17398 (C2H2-type) and FOYG_17402 (HTH myb-type). The
former is related to the Fg gene FGSG_10517, which is a TF involved in fungal growth,
conidiation, trichothecene accumulation and virulence (Son et al. 2011). FGSG_10517 was
also found to be expanded in Fol4287 (Jonkers et al. 2014). In contrast, FOYG_17402 was
only found in the cotton-infecting Fo strain 25433, and interestingly, these two genomic
regions of NRRL 32931 and Fo strain 25433 were highly conserved.
3.3.9 PacC_b in the Differential Response between NRRL 32931 and Fol4287
We compared the DEGs in the pacC_b dataset with the differentially expressed
orthologs and unique genes that were identified between NRRL 32931 and Fol4287 from
Chapter II, to determine whether PacC_b contributes to the transcriptional differences.
Among the differentially expressed orthologs and unique genes, around 24% were also
identified in the pacC_b dataset (Figure 3-9). The associated GO-term categories indicated
that PacC_b is involved in the regulation of biosynthesis, ion transport, response to stress
and secondary metabolism.
3.4 Discussion
Gene expansions in the accessory genome of Fo had been studied in a handful of
gene families including EBR, FTF and SIX (Niño-Sánchez et al. 2016; Luis David 2018;
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Jonkers et al. 2014). It is not surprising that gene family members in the accessory genome
are tightly related to virulence. For instance, the SIX effector genes and FTF transcription
factors are largely expanded in the accessory chromosomes in Fol4287, where both gene
families are well-known to mediate virulence. The diversity in the accessory genomes is in
sharp contrast with the conservation of the core genome. The most intriguing question is
how these two genomes interact. The difference in gene content in accessory genomes,
especially regulators like TFs and PKs, may potentially reprogram the entire transcriptional
network. For example, the expansion of the central cell growth regulator, TOR kinase, in
certain Fo plant-pathogenic strains, may have a substantial impact on cellular activities
(DeIulio et al. 2018). However, studies of the functional roles of these gene family
expansion are still lacking, particularly the regulatory roles of core and accessory
transcription factors.
In the case of the PacC expansion in NRRL 32931, it is hypothesized that having
multiple copies of this TF, which induces alkaline-expressed genes, helps the fungi adapt
to the human body. Our phenotype results confirmed the involvement of PacC_b in
alkaline pH response. In addition, PacC_b may also have unique functions such as stress
response, which was observed in the different phenotypes between pacC_b and pacC_o
mutants. We also generated and characterized pacC_a mutants, but they did not display
growth defects under alkaline pH. This was not surprising, as its expression was barely
detected. Despite this, it was interesting that pacC_a mutant was less sensitive to osmotic
and oxidative stress (Figure 3-10). These results suggested that accessory genes may have
acquired certain new functions but still preserving some functions from the core gene. I
speculate that accessory PacC genes may function as stress regulators, particularly as
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repressors. Supporting this speculation is the increase of sporulation (which produces
metabolically quiescent and stress resistant spores) and stress resistance, as well as the
induction of cell wall biosynthesis, phospholipid metabolism and H 2O2 resistance in the
pacC_b mutants. In yeast, altering the phospholipid composition increases pH tolerance.
Unfortunately, after several attempts, we were still unable to generate pacC_c knockouts,
which could be due to the ambiguous bases (Ns) upstream near its promoter region.
The relationship between accessory and core TFs varies between gene families. The
accessory genes in the FTF family play major roles in mediating fungal virulence, while
the core gene in EBR1 family regulates the expression of accessory genes as well as growth
and virulence. However, the involvement of the accessory EBR2 genes in virulence is
unclear due to the failure in cloning and knocking out them (van der Does et al. 2016;
Jonkers et al. 2014). We showed the dependence of accessory PacC genes on core PacC_o
for their transcription. This is probably because of the nature of PacC regulation, where it
is found to autoregulate itself. Although the promoter sequences were not conserved
between core and accessory PacC genes (sequence identity between 40-70%), there were
several PacC binding motifs present.
When comparing the number of DEGs, pacC_o datasets had around 1160 more
genes, and a large proportion of the DEGs did not overlap with the pacC_b datasets.
Although knocking out PacC_o had a broader cellular impact, both datasets were enriched
in ion transmembrane transporters, which included several shared DEGs. This indicated
that ion transporters are heavily regulated by both or either PacC genes. Lipid metabolism
was the major cellular process affected by knocking out PacC_b, where we identified 6
downregulated DEGs in the sphingolipid metabolism pathway, particularly in the
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biosynthesis of phytoceramide from phytoceramide and sphinganine (Figure 3-11).
Phytoceramides are building block for complex sphingolipids such as inositol
phosphorylceramide (IPCs), mannose-MIPCs and mannose-(inositol phosphate)2
ceramides (MIP2Cs) (Singh and Del Poeta 2016). Indeed, we also observed the
downregulation of MIPC synthase CSG1/CSH1 gene in pacC_b datasets. This indicated
that PacC_b negatively regulates the formation of complex sphingolipids. Fungal
sphingolipids are involved in a wide range of biological processes such as plasma
membrane organization, endocytosis and antifungal resistance in C. albicans (Gao et al.
2018; Alvarez et al. 2008), sphingolipid signaling and virulence in C. neoformans (Rhome
and Del Poeta 2010), and dynamic wall remodeling in A. nidulans (Mela and Momany
2020). In yeast, it is the major component of yeast lipid rafts, which is required for plasma
membrane accumulation of several nutrient transporters like the general amino acid
permease Gap1p (Lauwers and André 2006; Mollinedo 2012). Furthermore, sphingolipid
also regulates the formation of eisosomes via sphingolipid-Pkh1/2-Ypk1/2 signaling
pathway (Luo et al. 2008). A recent study showed that endoplasmic reticulum stress
induced by a protein glycosylation inhibitor accumulated long-chain sphingoid bases
which results in the reduction of ribosomal protein gene expression (Yabuki et al. 2019).
Eisosomes, also known as membrane compartment of Can1(MCC)/eisosomes, are
plasma membrane domains that involved in organizing the plasma membrane and proton
flux, stress response, endocytosis and sphingolipid (Douglas and Konopka 2014; Young
et al. 2002; Walther et al. 2006). In our dataset, we found two genes of the eisosome, Pil1
and Eis1, induced in the pacC_b mutant (Table 3-6). Pil1, which is the core component
of the eisosome, was induced 48 fold; and Eis1, which is required for proper assembly,
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was induced 2 fold. Studies have reported that Pil1p is indirectly regulated by
sphingolipid levels (sphingoid bases) through the phosphorylation by protein kinases
Pkh1 and Pkh1 (Luo et al. 2008). This is consistent with the induction of sphingolipid
metabolism and MCC/eisosome associated genes. It suggested that the plasma membrane
organization and endocytosis were induced in the pacC_b mutants, but whether this is a
direct result of PacC_b suppression remains to be determined.
Nutrient acquisition and transmembrane transport are tightly related to the
plasma membrane proton and electrochemical gradient. Our dataset is consistent with
studies showing the connection between PacC/Rim101 with nutrient uptake, particularly
the involvement of phosphate transporters. In Neurospora crassa, the expression of the
high affinity phosphate transporters Pho84 and Pho89 were downregulated in PacC
deletion strains, also known as PAC-3 (Martins et al. 2019); and in C. neoformans,
having an expanded functional phosphate sensing and acquisition pathway (PHO) is
required for fungal dissemination (Rittershaus 2006). Similarly, in our datasets, the
expression of both Pho84 and Pho89 genes were downregulated in the pacC_b
knockouts. However, the transcription factors Pho2 and Pho4, which bind and activate
Pho84 and Pho89 genes upon phosphate starvation, were not differentially expressed.
The PHO and PacC/Rim101 pathways are affected by alkaline pH, and it was shown that
the cyclin-dependent kinase Pho85p could phosphorylate both PacC/Rim101p and
Pho2/4p transcription factors (Serra-Cardona et al. 2015; Nishizawa et al. 2010). NRRL
32931 possessed two additional Pho89 homologs, although both are in the same location
at PacC_b, only the one next to PacC_b was induced in the pacC_b mutants.
Interestingly, the expression of Pho89 genes (FOYG_07780, FOYG_08882,
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FOYG_13162 and FOYG_16436) that are in the core genome were reduced in the
pacC_b mutant. This suggests that PacC_b suppresses the expression of local genes and
participates in regulating phosphate uptake, indicating partial autonomy.
The proton-ATPase Pma1p and V-ATPases are the major plasma membrane
transporters that are involved in pH control and alkaline pH adaptation in yeast (Kane
2016; Ferreira et al. 2001). Cation transporters like K + transporter Trk1/2p and Na+ATPase Enas are also involved in either sustaining Pma1p activity or maintaining the
plasma membrane potential. However, in our dataset, only orthologs of Trk2 were
slightly reduced at pH 7.4 in both pacC mutant strains. While Pma1 genes were
downregulated in the pacC_o but not PacC_b mutant, suggesting PacC_b does not
influence the major H+ pump. Additionally, ENAs were differentially expressed and
induced in the pacC_b mutant. The former is regulated by Hal4/Hal5p protein kinases,
which is distinctly expanded in NRRL 32931 (8 Hal protein kinases compared to the
average 2 in other Fo strains). 7 out of the 8 Hal protein kinase genes belonged to the
accessory genome, and we found 3 genes that were strongly induced (> 4-fold change) in
the pacC_b mutants. Like the Pho89, these 3 genes were in proximity with PacC_b. The
induction of Ena1 by alkaline pH is mediated by PacC/Rim101 and calcineurin pathways
(Platara et al. 2006). Unlike Hal protein kinases, ENA1 was not expanded NRRL 32931.
Moreover, the sole accessory Ena1 gene was not expressed, while its 4 core ENA1 genes
were strongly reduced (as much as 40 fold) in the pacC_o but not pacC_b mutants at
alkaline pH.
The availability of metal ions such as copper and iron are also affected by alkaline
pH (Serra-Cardona et al. 2015). For example, PacC mediates the biosynthesis and uptake
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of iron chelator siderophores in A. nidulans (Eisendle et al. 2004). It was obvious in our
dataset that a change in extracellular pH affected the transcription of a large group of
cation transporters and ion permeases such as Zrt1 (zinc), Ftr1 (iron) and Ena
(potassium). For some of these genes, they were regulated differently by PacC_b and
PacC_o. The other major transmembrane transporters affected by PacC genes are ABC
transporters or multidrug transporters which are known to be involved in stress response
(Paumi et al. 2009). We identified a set of ABC transporters (PDRs, YHK8) within the
pacC_b dataset clusters C1 and C3, to be downregulated in the pacC_b mutants (Figure
3-5). We also observed the differential expression of orthologs that regulate reactive
oxygen species metabolism and resistance. These genes were induced in pacC_b mutant
and suppressed in pacC_o mutant. For example, the catalase-peroxidase katG
(FOYG_15298), which confers resistance to H2O2 in hyphae in Magnaporthe oryzae
(Tanabe et al. 2011). This supported our observations that pacC_b mutants displayed
better growth phenotypes compared to the wild-type and pacC_o mutants (Figure 3-1). It
is worth mentioning that the pacC_o mutant also displayed a very distinct phenotype than
the wild-type under oxidative stress, which highlights the complexity of cellular stress
response.
Lastly, the most interesting finding was that, despite PacC_b depending on
PacC_o for its transcription, we were able to find shared genes that had opposite
expression patterns in the pacC_b and pacC_o mutants (Figure 3-6 and 3-8). For
instance, the Hal kinase genes (FOYG_17202, FOYG_17203 and FOYG_17207) within
the PacC_b genomic region were induced in the pacC_b mutants while their expression
were reduced to undetectable levels in the pacC_o mutants. This indicates that they are
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co-regulated by both PacC genes and the role of PacC_o is to induce the expression of
Hal kinase genes, while PacC_b negatively regulates them (Figure 3-12). My hypothesis
for this phenomenon is that Hal kinase genes and PacC_b are part of a functional unit to
fine-tune the transcription of Hal kinases that in turn regulate K+ transporters, thereby
affecting the plasma membrane proton and electrochemical gradient. We found that
syntenic blocks of Hal and PacC_b genes in Fo cotton-infecting strain 25433 and Fo47,
indicating horizontal gene transfer. Horizontal transfer of gene clusters could be more
efficient by providing a one-step acquisition of related genes (Mehrabi et al. 2011.
However, what is the advantage of having this type of regulation when the downstream
Trk1/2p is conserved in the Fusarium genus is unclear. It may be possible that Hal
kinases regulate other downstream genes or expanded gene families.
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Table 3-1. RNA-seq statistics of WT and pacC_b mutant datasets.1
Dataset replicate

Total paired-reads

Average base
quality

Mapping (%)

Gene
coverage

WT - 1

27,324,358

34.4

94.0

102.8

WT - 2

28,406,311

34.4

94.8

108.3

WT - 3

28,263,234

34.4

94.7

103.9

pacC_b - 1

28,676,673

34.4

94.0

106.6

pacC_b - 2

29,068,546

34.4

94.4

108.0

pacC_b - 3

27,764,254

34.4

93.3

103.1
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Table 3-2. Annotation and known functions of downregulated DEGs that were identified
in the KEGG analysis.1
Gene id
Gene name
FOYG_00653, Phospholipase D
FOYG_05365
FOYG_03906 Non-canonical non-ribosomal
peptide synthetase, FUB8
FOYG_05823 Trichothecene 3-Oacetyltransferase, AYT1
FOYG_01133
FOYG_06551

FOYG_07251

FOYG_08149
FOYG_11116

FOYG_12118
FOYG_15298

Killer toxin-resistance protein
5, KRE5
Dehydrodolichyl diphosphate
synthase complex subunit,
RER2
Dehydrodolichyl diphosphate
synthase complex subunit,
NUS1
1,3- b-glucanosyltransferase,
GAS5
Phosphatidylinositol 3-kinase,
YMR1
Biphenyl-2,3-diol 1,2dioxygenase
Catalase-peroxidase 2, katG

Functions
Hydrolyzes membrane phospholipids
Involved in fusaric acid biosynthesis
(Brown et al. 2015)
Possible role in trichothecene biosynthesis
(Alexander et al. 2002) and protection
against trichothecenes (Tokai et al. 2005)
Protein required for b-1,6 glucan
biosynthesis (Meaden et al. 1990)
Involved in the synthesis of polyisoprenoid
lipids (Hoffman et al. 2017); required for
cell wall integrity and hyphae formation
(Juchimiuk et al. 2014)
Involved in the synthesis of polyisoprenoid
lipids (Hoffman et al. 2017); and protein
trafficking (L. Yu and Brown 2006)
Involved in cell wall biosynthesis and
morphogenesis (Lesage and Bussey 2006)
Involved in PI(3)P-dependent signaling,
and protein sorting pathways (Parrish et al.
2004)
Involved in biphenyl degradation
Confers resistance to H2O2 in hyphae
(Tanabe et al. 2011)
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Table 3-3. Distribution of PacC binding motifs and its enrichment. 11
This included both up- and down-regulated DEGs in the pacC_b (Table 3-3a) and pacC_o
(Table 3-3b) mutant RNA-seq datasets
Table 3-3a
5’GCCAAG
-3’ sites
0
1
2
3
4
5
6
7
8
9
10
Total

Downreg
ulated
DEGs
220
187
115
39
18
11
3
1
0
1
0
595

Upregulated
DEGs
469
332
168
52
20
5
0
2
2
0
0
1050

5’GCCAAG
-3’ sites
None (0)
At least 1
At least 2
At least 3
At least 4

p-values
Downregulated Upregulated
DEGs
DEGs
0.9999
0.3083
0.0003*
0.7139
6.18E-09*
0.0518
2.19E-07*
0.0819
6.30E-08*
0.0592

5’GCCAAG
-3’ sites
None (0)
At least 1
At least 2
At least 3
At least 4

p-values
Downregulated Upregulated
DEGs
DEGs
0.845
1.000
0.1695
< 2.2e-16
0.1391
< 2.2e-16
0.2055
< 2.2e-16
0.8063
< 2.2e-16

Table 3-3b
5’GCCAAG
-3’ sites
0
1
2
3
4
5
6
7
8
9
>= 10
Total

Downreg
ulated
DEGs
537
436
198
69
7
12
1
0
1
1
0
1262

Upregulated
DEGs
490
536
303
114
61
27
6
6
1
2
1
1547

Asterisk (*) highlighted p-values < 0.05.
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Table 3-4. Known yeast homologs among PacC_b dependent genes. 1
This table included the expression values (TPM) of the yeast homologs in the WT and
pacC mutants as well as their annotated functions.
Gene
id/Cluster
C1
FOYG_02338
FOYG_05616
FOYG_07682

WT TPM

pacC_b
TPM

Yeast
homolog

Functions

79.8
99.5

19.2
21.2

395.4

31.2

Say1
Erg6
Mch4

FOYG_08637
FOYG_08870
FOYG_11994
FOYG_15209
FOYG_13162
FOYG_13545

71.0
72.3
233.0
185.1
480.4

17.8
13.8
20.5
16.6
37.2

147.8

20.7

Sterol deacetylase
24-C-sterol methyltransferase
Like monocarboxylate
permeases
Low-affinity zinc transporter
Plasma membrane ATP
binding cassette (ABC)
transporter
Phosphate transporter
Confers resistance to
nitrosoguanidine

34.5

8.3

40.3

9.9

49.5

2.2

23.1

110.4

14.0
8.8
29.0
7.5
19.0

81.5
63.8
116.6
64.6
199.0

67.0

358.1

C6
FOYG_00282

0.5

3.5

Dit2

FOYG_03014
FOYG_03905

4.2
1.7

24.6
11.1

Lam1/3
Met17

FOYG_05823

1.6

8.0

Ayt1

FOYG_15685

3.2

23.8

Ygl159w

FOYG_17202

2.8

37.2

Sat4/Hal4

C3
FOYG_00162
FOYG_05985
FOYG_16958
C2
FOYG_05136
FOYG_08333
FOYG_08522
FOYG_08712
FOYG_13475
FOYG_17203
FOYG_17207

Zrt2
Snq2,
Pdr5/1015/18
Pho89
Sng1,
Yjr015w
Bdh1, Bdh2
Yhk8
Mch4
Aat2
Nam7
Dom34
Avt1
Dit1
Hal4
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NAD-dependent (R, R)butanediol dehydrogenase
drug:H+ antiporter
Like monocarboxylate
permeases
Cytosolic aspartate
aminotransferase
ATP-dependent RNA helicase
Involved in no-go decay
Vacuolar transporter
N-formyltyrosine oxidase
Ser/Thr protein kinase,
Regulates of Trk1p-Trk2p
potassium transporter
Sporulation-specific Nformyltyrosine oxidase
required for spore wall
maturation
Putative sterol transfer protein
O-acetyl homoserine-O-acetyl
serine sulfhydrylase required
for methionine and cysteine
biosynthesis
Acetyltransferase catalyzes
trichothecene 3-O-acetylation
Putative protein of unknown
function
Ser/Thr protein kinase

Table 3-5. Known yeast homologs in shared DEGs between pacC_b and pacC_o RNA-seq
datasets. 1
The number of PacC binding motifs (5’-GCCAAG-3’) in the 1kb upstream region from
their start codon were included. Table continued over next few pages.
Genes

5’-GCCAAG3’
WT upregulated DEGs (128)
FOYG_02826
0

Yeast homolog

Description

Uga2

FOYG_07780
FOYG_13162
FOYG_16436
FOYG_17363

2
3
4
7

Pho89

Succinate semialdehyde dehydrogenase;
involved in the utilization of gammaaminobutyrate (GABA) as a nitrogen
source; part of the 4-aminobutyrate and
glutamate degradation pathways
Plasma membrane Na+/Pi cotransporter

FOYG_01912

1

Stl1

FOYG_15919

0

Pug1/Rta1

FOYG_02825
FOYG_02338
PacC_b

0
2
3

Uga1
Say1
Rim101

FOYG_17134
FOYG_04171
FOYG_07504

2
0
0

Tpo5
Oxp1
Thi7/71/72

FOYG_16532
FOYG_16886

7
0

Dip5
Ctr1

Sat4/Hal4

pacC upregulated DEGs (73)
FOYG_00282
0

Dit2

FOYG_00772

0

Tsc10

FOYG_02631

1

Ddr48

Ser/Thr protein kinase involved in salt
tolerance
Glycerol proton symporter of the plasma
membrane
Plasma membrane protein involved in
protoporphyrin and heme transport
GABA transaminase
Sterol deacetylase
Involved in alkaline responsive gene
repression as part of adaptation to
alkaline conditions
Putative polyamine transporter
5-oxoprolinase
Plasma membrane transporter
responsible for the uptake of thiamine
Dicarboxylic amino acid permease
High-affinity copper transporter of
plasma membrane
Sporulation-specific N-formyltyrosine
oxidase required for spore wall
maturation
3-ketosphinganine reductase catalyzes
the second step in phytosphingosine
synthesis
DNA damage-responsive protein

pacC_b upregulated and pacC_o downregulated DEGs (143)
FOYG_01010
1
Mch2
Like mammalian monocarboxylate
permease
FOYG_02508
1
Apa1/2
AP4A phosphorylase
FOYG_04646
1
Pfk1/2
Subunit of phosphofructokinase,
involved in glycolysis
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FOYG_04823

0

Hog1

FOYG_05068
FOYG_05136

0
0

Rtn1/2
Aat2

FOYG_06551

1

Rer2

FOYG_07251

2

Nus1

FOYG_07622

2

Ima1/2/3/4/5

FOYG_07625

5

Asp3-1/2/3/4

FOYG_08303
FOYG_08555
FOYG_10851

2
4
1

Aip1
Ena1/2/5
Adh3

FOYG_11116

1

Ymr1

FOYG_11511

1

Trx1/2/3

FOYG_13539
FOYG_15675

0
0

Yll056c
Glo2/4

FOYG_15685
FOYG_16692
FOYG_17006

3
4
2

Ygl159w
Acs1/2
Zrc1/Cot1

FOYG_17205
FOYG_17206

9
0

Pho89
Asg1

FOYG_17202
FOYG_17203
FOYG_17207

4
5
6

Sat4/Hal4

Mitogen-activated protein kinase
involved in osmoregulation
Reticulon protein
Cytosolic aspartate aminotransferase
involved in nitrogen metabolism
Dehydrodolichyl diphosphate synthase
complex subunit
Forms dehydrodolichyl diphosphate
synthase complex with RER2 or SRT1
Major isomaltase required for
isomaltose utilization
Cell-wall L-asparaginase II involved in
asparagine catabolism
Actin cortical patch component
P-type ATPase sodium pumps
Mitochondrial alcohol dehydrogenase
isozyme III
Phosphatidylinositol 3-phosphate (PI3P)
phosphatase, involved in various protein
sorting pathways
Cytoplasmic thioredoxin isoenzyme,
part of thioredoxin system
Putative protein of unknown function
Glyoxalase II catalyzes the hydrolysis of
S-D-lactoylglutathione into glutathione
and D-lactate
Putative protein of unknown function
Acetyl-coA synthetase isoform
Vacuolar transporter that mediates zinc
transport into the vacuole
Plasma membrane Na+/Pi cotransporter
Regulator involved in the stress
response
Ser/Thr protein kinase involved in salt
tolerance

pacC_o upregulated and pacC_b downregulated DEGs (253)
FOYG_01060
5
Pho84
High-affinity inorganic phosphate
transporter
FOYG_01173
0
Sqs1
Protein that stimulates the ATPase and
helicase activities of Prp43p
FOYG_01175
1
Jjj1
Co-chaperone that stimulates the
ATPase activity of Ssa1p
FOYG_01408
0
Log1
Putative protein of unknown function
FOYG_01619
1
Cue3
Subunit of ribosome-associated quality
control trigger complex (RQT)
FOYG_02555
0
Trz1
tRNA 3'-end processing endonuclease
tRNase Z
FOYG_02670
2
Gfd2
Protein of unknown function
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FOYG_02785
FOYG_02942
FOYG_03073

1
0
0

Yjr115w
Smm1
Tpt1

FOYG_04781

2

Csf1

FOYG_06979
FOYG_08415
FOYG_08416
FOYG_08637

1
0
0
5

Ydr248c
Trl1
Ycr051w
Zrt2

FOYG_08813

1

Rgt2

FOYG_09260
FOYG_09261
FOYG_10095

0
2
1

Ftr1
Fet3
Vms1

FOYG_11111

1

Tif6

FOYG_11501

1

Rkr1

FOYG_14553

1

Fdc1

FOYG_14843

3

Ykl107w

FOYG_15587

2

Yct1

FOYG_01393
FOYG_02848
FOYG_07682
FOYG_17247

2
0
1
1

Ste6

FOYG_09415

1

Mch4
Snq2,
Pdr5/10/15/18
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Protein of unknown function
Dihydrouridine synthase
tRNA 2'-phosphotransferase that
catalyzes final step in tRNA splicing
Protein required for fermentation at low
temperature; plays a role in the
maturation of secretory proteins
Putative gluconokinase
tRNA ligase; required for tRNA splicing
Protein of unknown function
Low-affinity zinc transporter of the
plasma membrane
Plasma membrane high glucose sensor
that regulates glucose transport
High affinity iron permease
Ferro-O2-oxidoreductase
Component of a Cdc48p-complex
involved in protein quality control
Constituent of 66S pre-ribosomal
particles
RING domain E3 ubiquitin ligase
involved in ubiquitin-mediated
degradation of non-stop proteins and
translationally stalled ER membrane
proteins
Ferulic acid decarboxylase; involved in
the decarboxylation of aromatic
carboxylic acids
Putative short-chain
dehydrogenase/reductase
High-affinity cysteine-specific
transporter
Plasma membrane ATP-binding cassette
(ABC) transporter
Similar to mammalian monocarboxylate
permeases
Plasma membrane ATP binding cassette
(ABC) transporter

Table 3-6. Expression of MCC/eisosome associated genes that are involved in the
formation of MCC or eisosome.1
Positive log2(fold-change) values represent genes that were induced in the wild-type, and
negative values represent genes that were induced in pacC_b mutants.
Name

Yeast homolog

MCC integral proteins
FOYG_09565
Fmp45/ Ynl194c
FOYG_08046

Pun1

FOYG_08289
FOYG_02387
FOYG_05250
N/A

Nce102/Fhn1
Can1
Fur4
Sur7

N/A

Tat2

Function

Log2(Foldchange); adj.
p-value

Integral membrane protein, required for
sporulation and maintaining sphingolipid
Plasma membrane protein, has a role in
role in cell wall integrity
unknown function
H+-driven arginine permease
H+-driven uracil permease
Unknown function, may be involved in
sporulation and maintaining plasma
membrane sphingolipid
H+-driven tryptophan

-0.646; 6.43E04
0.70; 0.15

MCC/eisosome associated proteins
FOYG_17197
Pil1
Eisosome core component
FOYG_11036
Pkh1
Protein kinase, involved in sphingolipidmediated signaling pathway that controls
endocytosis
FOYG_03565
Eis1
Eisosome component, required for proper
assembly
FOYG_01221
Slm1/Slm2
Phosphoinositide binding protein
FOYG_08376
Mdg1
Plasma membrane protein
FOYG_16208
Pst2
Unknown function
FOYG_01183
Sap1
Putative ATPase of the AAA family
N/A

Lsp1, Pkh2,
Seg1, Rfs1,
Ycp4, Ygr130c,
Rgc1, Aim3,
Mrp8, Yta6,
Msc3
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0.18; 0.60
1.02; 4.27E-08
-0.23; 0.12

-5.61; 0.02
-0.28; 0.05
-1.06; 8.97E-06
-0.411; 0.01
-0.52; 0.66
-0.56; 0.02
-0.603; 3.87E05

Figure 3-1. Phenotypic comparison between PacC mutants.1(a) PCR confirmation of
PacC knockouts using specific primers. Lanes 1-6 represent genomic DNA of Fol4287
WT, Fol4287 pacC, NRRL 32931 WT, NRRL 32931 pacC_o, NRRL 32931 pacC_b and
negative control, respectively. The primers were designed to specifically amplify only one
PacC gene, for example on the agarose gel under the PacC_a panel, PacC_a genes were
present in all but Fol4287 strains. (b) Growth phenotypes under various conditions. Fungal
spores were inoculated on plates including high pH: YPDA-buffered to pH 8.0; osmotic:
NaCl; oxidative stress: menadione; antifungal drug: caspofungin; and cell wall stress:
congo red. (c) Spore concentration and appearance at pH 8.0 in biological replicates were
examined.

88

Figure 3-2. Expression of PacC genes in pacC_o mutants.1The left panel showed the
RT-PCR results in three independent pacC_o knockout strains. The relative expression of
PacC_b, PacC_c and PacC_o in the pacC_o knockouts were calculated by dividing their
expression values in the mutants by their respective expression values in the wild-type.
Right panel showed the RNA-seq expression of all accessory PacC genes in pacC_o
knockout mutant at pH 5.0 and pH 7.4.
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Figure 3-3. Correlation between WT and pacC_b mutant samples.1(a) Pearson’s
correlation using TPM expression levels among WT and pacC mutant datasets (3
biological replicates). Numbers within boxes represent the correlation coefficient. (2) PCA
plot generated by DESeq2 based on negative binomial distribution.
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Figure 3-4. Scatterplot of cluster representatives of GO-term enrichment. 1(a) GO-term
enrichment of upregulated DEGs; and (b) downregulated DEGs. The color and size of the
circle represents its log10(p-value) and frequency of the GO term in the database,
respectively. The semantic space, although having no intrinsic meaning, generally
represents the closeness and semantic similarities of GO-terms.
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Figure 3-5. Identification of PacC_b dependent genes.1(a) Heatmap of PacC_b
dependent gene clusters. The number of genes within each cluster was represented in
brackets and the number of accessory genes was indicated below. (b) Boxplot of the
expression in each cluster. A zoomed image for clusters C3-C6 was inserted in the top
right. The average and median expression values for each cluster were indicated in the table
below.

92

Figure 3-6. Venn diagram of DEGs between the two datasets.1Upward arrows represent genes upregulated in the WT, while
downward arrows represent genes upregulated in the pacC (pacc_b and pacC_o) knockout mutants at pH 7.4. The 596 shared DEGs
were further classified based on their expression directionality. Significantly enriched GO-terms in non-overlapping DEGs were shown
as tree maps, and, for shared DEGs, they were listed.
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Figure 3-7. Gene expressions of the PacC_b genomic region.1Genes were represented in arrows and were either highlighted in yellow
or blue to represent up- and down-regulated DEGs, respectively. The expression of genes that are close to PacC_b (dashed box) were
shown below. This included 5 genes: 3 of which were Hal protein kinases, one transcription factor Arg1 and one phosphate transporter
Pho89.
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Figure 3-8. Co-regulated genomic regions.1DEGs with (a) opposite or (b) the same
expression patterns between pacC_o and pacC_b datasets existed in both core and
accessory chromosomes. Non-DEGs were highlighted in grey.
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Figure 3-9. Proportion of differential expressed genes. 1The pie chart showed the number
of DEGs in the pacC_b mutant that were also identified as DEGs in our previous RNA-seq
comparison between NRRL 32931 and Fol4287. About 24% of the differentially expressed
orthologs (left) and unique genes (right) were identified in the pacC_b dataset. The number
in each bracket represents the number of genes within each portion. These genes had
similar GO-terms that were associated with biosynthesis, ion transport and response to
stress. This result may imply the involvement of PacC_b in perturbing the transcriptional
response seen between NRRL 32931 and Fol4287.
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Figure 3-10. Phenotypes of pacC_a mutants compared to wild-types.1The phenotypes
that had noticeable differences were under osmotic (NaCl) and oxidative (menadione)
stress conditions. The colony size of pacC_a mutants under these stress conditions were
larger or more densely packed in terms of biomass compared to the wild-types. PacC_a
does not appear to affect alkaline pH response.
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Figure 3-11. Sphingolipid metabolism.1Affected pathway genes were highlighted in
blocks: upregulated (red color) and downregulated (green color) DEGs in pacC_b
dataset. Dashed arrows denote genes that were not identified in Fo. NRRL 32931 genes
that are homologous to budding yeast include: SUR2, sphinganine C4-hydroxylase:
FOYG_08737; TSC10, 3-ketosphinganine reductase: FOYG_00772; YDC1, alkaline
dihydroceramidase: FOYG_02237 and FOYG_12566; CSG1/CSH1, MIPC synthase
subunit: FOYG_15202. Homologs to A. nidulans: lacF, putative beta-galactosidase:
FOYG_13276; aglC/aglG, putative alpha-galactosidase: FOYG_00115.
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CHAPTER IV
PACC GENE EXPANSION IS WIDE-SPREAD AMONG FUSARIUM
OXYSPORUM CLINICAL ISOLATES
4.1 Introduction
Fusarium genus is notoriously known for causing plant vascular wilt diseases, but
they are often overlooked by the general public as human pathogens, despite them being
one of the most clinically important molds. The main reason for this is the magnitude and
severity of Fo infections, also known as fusariosis. The number is miniscule compared to
the millions of cases caused by Cryptococcus species (Park et al. 2009). A review in 2013
surveyed a total of 123 cases of invasive fusariosis at the Massachusetts General Hospital
over a ten-year period (Muhammed et al. 2013). However, fusariosis associated issues have
been emerging in recent years.
Fusarium species are ubiquitous in the environment and have been found in the
water circulation systems in several hospitals across France, and interestingly, these
circulating strains belonged to the same clonal lineage and appeared to have adapted to the
water system (Edel-Hermann et al. 2016). Previously phylogenetic analysis of 88 clinical
isolates found that most of them were grouped into one clonal lineage (O’Donnell et al.
2004). Sparse outbreaks of contact lenses–associated fungal keratitis have been reported
worldwide (Ahearn et al. 2008; Liu et al. 2019). Although these infections are usually not
life-threatening, patients could be left with blindness. Disseminated infections, however,
have been associated with an unacceptable high mortality (50-100%) rate in
immunocompromised patients despite antifungal treatments. The extraordinary genetic
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diversity in Fusarium species and the common use of plant fungicides have rendered
clinical isolates resistant to not only azole fungicides but also nearly all currently used
antifungal drugs (Al-Hatmi et al. 2016). Our limited antifungal arsenal could be a serious
issue in future.
In order to identify antifungal targets and therapies novel, we need to understand
the fungal biology and their underlying pathogenicity. Genomics approach is one of the
major tool researchers use to study Fusarium species. The burst of sequencing technology
has made it possible to sequence tens and hundreds of genomes at ease. To date, over 200
Fo genomes have been sequenced, but only one was a human clinical isolate, NRRL 32931,
that we sequenced (Zhang et al. 2020). In previous chapters, we have shown that NRRL
32931 is distinct from plant-infecting Fo strains in terms of gene contents, accessory
chromosomes, and transcription regulatory network in response to alkaline pH.
The objective of this chapter is to provide more genome information on Fo human
pathogenic isolates and investigate their common features such as PacC/Rim101 gene
expansions. Here, we report the genome assembly of two Fo clinical strains NRRL 26365
and NRRL 47514, originated from the human brain and cornea, respectively. The isolates
belonged to different phylogenetic clades but shared more sequence conservation with
NRRL 32931 than Fol4287. The PacC gene expansion was also identified in both isolates
but varied in copy numbers and sequences. Among them, PacC_b was the most diverged
and further expanded in NRRL 47514, which we confirmed by de novo transcriptomics. In
addition, we also found sequence insertions in PacC_a and PacC_b genes as well as in its
transcripts. These results indicated that not only are PacC genes expanded, but also
diverged in sequence in clinical isolates.
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4.2 Materials and Methods
4.2.1 Fungal Strains
Fo clinical strains NRRL26365 and NRRL47514 were kindly provided by Dr.
Kerry O'Donnell (National Center for Agricultural Utilization Research, U.S. Department
of Agriculture, USA) and Dr. Eric Pearlman (Departments of Ophthalmology, and
Physiology and Biophysics, UC Irvine, USA), respectively. All other strains were available
at the ARS (NRRL) Culture Collection (https://nrrl.ncaur.usda.gov/).
4.2.2 DNA Extraction and Whole-genome Sequencing Library Preparation
For PacBio sequencing, the genomic DNA was extracted using the cTAB extraction
protocol. The mycelium was obtained from fungal liquid cultures by filtration and then
grinded using liquid nitrogen. The grinded powder was directly mixed into cTAB
extraction buffer (final concentration: 3% CTAB, 28% 5 M NaCl, 4% 0.5 M EDTA (pH
5.0), 10% 1 M Tris-Cl (pH 8.0), 3% polyvinylpyrrolidone and 0.2% β-mercaptoethanol)
for 10 mins at 65°C. The mixture was then centrifuged at 4000 rpm for 10 min. The aqueous
layer was collected and used by the common phenol/chloroform extraction method. The
integrity of the extracted genomic DNA was checked using an agarose gel, and later sent
to the Yale Center for Genomic Analysis for sequencing.
For Illumina sequencing, the genomic DNA was extracted using the Quick-DNA
Fungal/Bacterial Miniprep Kit (Zymo, Cat # D6005, Tustin, CA, USA). The mycelium was
homogenized with provided beads in the Bullet blender tissue homogenizer (Next
Advance, Inc., SKU: BBX24, Troy, NY, USA). The DNA qualities and concentrations
were measured using the Nanodrop and Qubit instruments. The Illumina library was
prepared using the Truseq DNA PCR-free LT library kit (Illumina, Cat # 20015962, San
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Diego, CA, USA). The distribution of the library insertions was measured using the
Bioanalyzer instrument and the library concentration was determined using the KAPA
Library Quantification Kit (Roche Sequencing and Life Science, Cat # 07960140001,
Wilmington, MA). Illumina sequencing was performed using the Illumina NextSeq 500
sequencing system in the Genomics Resource Laboratory at University of Massachusetts
Amherst.

The

RNA-seq

read

data

quality

was

checked

using

FastQC

(http://www.bioinformatics.babraham.ac.uk/projects/fastqc).
4.2.3 Genome Assembly
The genome assembly was performed using a previously established pipeline
developed in our lab (Ayhan et al. 2018). Briefly, we used the SPAdes v 3.9.1 genome
assembler to assemble both Illumina reads and PacBio sequences (Nurk et al. 2013). The
assembly was polished using Quiver in the SmrtAnalysis (v2.2.0) (Chin et al. 2013), BWA
v 0.7.12 (Li and Durbin 2009). FreeBayes v0.9.10 (Garrison and Marth 2012), GRIDSS v
1.4.1 (Cameron et al. 2017) and Sniffles v 1.0.8 (Sedlazeck et al. 2018).
4.2.4 BLAST, Sequence Alignment and Phylogenetic Analysis
The full-length sequences (start to stop codon) of PacC genes were used as queries
and BLASTed against the genomes or assemblies. We used the Basic Local Alignment
Search Tool (BLAST) version 2.2.29+ (https://blast.ncbi.nlm.nih.gov), with the parameter
set to e-value no greater than 1e-20. Sequence alignment of genes were performed using
the Multiple Sequence Alignment (MAFFT) tool (https://www.ebi.ac.uk/Tools/msa/mafft)
under default settings. Contig or scaffold alignment was performed using LASTZ (Harris
2007); whole genome dot plots were generated by MUMmer 3.0 with a minimum
alignment length of 500 bp (Kurtz et al. 2004). Phylogenetic tree was constructed using
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the MEGAX software with the parameters: maximum-likelihood method, bootstrap 1000,
a site cutoff of 90% and otherwise default settings (Kumar et al. 2018).
4.3 Results
4.3.1 Choice of Fo Clinical Isolates
We chose Fo strains to include environmental and clinical isolates from diverse
origins and sources based on previous phylogeny (O’Donnell et al. 2004). All except
isolates NRRL 43454 and NRRL 47514, were assigned to a phylogenetic clade and
represented at least one member from each clade (Table 4-1). Majority of the isolates were
chosen from the wide-spread clonal lineage, clade 3a, as they had the largest number of
isolates. In addition, no isolates were chosen from clade 1 as they consisted of only plantinfecting isolates. NRRL 47514 was included in this study because it is a known model for
studying in vivo mice eye infection and was reported to belong to clade 3a (Mukherjee et
al. 2012). On the other hand, NRRL 43454 was chosen as a comparison to NRRL 47514
as it was also isolated from cornea, but its phylogeny location is still unknown.
4.3.2 Detection of PacC Gene Expansion in Fo Clinical Isolates
To investigate if the PacC gene expansion is a shared feature among Fo clinical
isolates, we performed PCR amplification of all PacC genes, using specific primers from
strain NRRL 32931. As expected, PacC_o was detected in all strains (Figure 4-1).
However, not all accessory PacC genes were detected among isolates, even those from the
same clade. In addition, the PCR bands that were different in size compared to NRRL
32931 bands were denoted as “insertion”, which indicated potential insertions. Isoforms of
PacC_a and PacC_c were detected in most isolates of clade 3 and 3a.
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4.3.3 Phenotypes of Fo Isolates Under Acidic and Alkaline Conditions
Overall, at pH 7.4, strains from the clonal lineage clade 3a grew better in terms of
colony diameter (Figure 4-2a). However, fungal growth does not necessarily correlate with
either additional PacC copies or whether the stains are pathogenic. For instance, in the nonpathogenic strain Fo47, which we previously detected to have one PacC_b gene, had the
smallest diameter. On pH 5.0 plates, the isolates did not display a big difference in colony
diameter. Additionally, in most strains. I did observe phenotypes resembling the wrinkling
morphology (unsmooth and wrinkled surfaces) of C. albicans colonies when treated with
antifungals or deletion of histidine kinase tcsA which is involved in conidiation in A.
nidulans (Appleyard et al. 2000; Padmavathi et al. 2015).
On blood agar plates at 34°C, which in some degree mimics the human bloodstream
(presence of sheep’s blood and alkaline pH 7.4 but in rich medium), the colony size of
isolates from clade 3a were generally larger than others (Figure 4-2b). However, NRRL
26367, which had no accessory PacC genes detected, displayed a similar diameter. This
indicated that there is no direct correlation between PacC copies numbers and growth under
acidic (pH 5.0) or alkaline (pH 7.4) conditions.
Genome Assembly NRRL 26365 and NRRL 47514
We sequenced the genomes of two clinical isolates, NRRL 26365 and NRRL
47514, which were isolated from the human brain and cornea, respectively. Both strains
are closely related to NRRL 32931 in terms of phylogeny: NRRL 26265 belonged to the
same clade as NRRL 32931 (clade 3) and NRRL 47514 belonged the wild-spread clonal
lineage clade 3a (nested in clade 3) (O’Donnell et al. 2004). We used both Illumina and
PacBio sequencing technologies to compensate for each other’s weakness in order to
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improve the quality of the assembly. The former generates high-quality short pair-end
reads, while the latter generates large sequence fragments but will have higher error rates.
For NRRL 26365, we sequenced a total of 58.5 million Illumina reads and 96435
PacBio sequences, which had an average base quality of 27 and 10, respectively. The
median PacBio sequence length was between 8000-9999 bp and the largest sequence was
68820 bp. For NRRL 47514, we acquired 84.7 million Illumina reads and 113678 PacBio
sequences. The average base qualities, median PacBio sequence lengths and the largest
sequence (62168 bp) were like NRRL 26365.
The final assembly of NRRL 26365 was 48.50 Mb with a total of 282 contigs and
a GC content of 47%. The size distribution of the contigs ranged from 804 bases to 2.7 Mb,
and N50 value was 695379 bases. The low N50 value may be due to highly repetitive regions
that could be hard to assemble. However, we only detected about 4.7% of the assembly to
be repetitive sequences, which suggested that its genome may be fragmented. For NRRL
47514, the assembled genome was 50.11 Mb with a total of 252 contigs, N 50 value of 1.73
Mb, and the largest contig was 4.6 Mb (Zhang et al. 2020). The assembly size of NRRL
47514 was 2 Mb larger than NRRL 26365.
4.3.4 Genome Comparison Between Three Clinical Strains
To compare the overall genome similarity between Fo clinical isolates, we
performed a genome comparison among NRRL 26365, NRRL 32931 and NRRL 47514.
Genomic regions with at least 500 bp exact matches were aligned in a pairwise manner
(Figure 4-3). The core genomes were conserved as expected, and their accessory genomes
had more much conserved compared to Fol4287 (Figure 2-2a). Over 2.6 Mb (77%) of the
NRRL 32931 accessory genome was found to be conserved with NRRL 47514, while only
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0.25 Mb (7%) was conserved with NRRL 26365. This showed that the accessory genomes
are also diverse in Fo clinical strains.
When compared with the plant-pathogenic strain Fol4287, their total conserved
sequences in the core genomes among three clinical strains were comparable: 23.2 Mb,
23.2 Mb and 26.4 Mb, for NRRL 26365, NRRL 47514 and NRRL 32931, respectively.
However, their accessory genomes were less conserved with Fol4287: 0.35 Mb, 0.47 Mb
and 0.20 Mb conserved sequences (in same order), which accounted for only around 6-7%
of the accessory genomes in clinical strains.
4.3.5 Detection of PacC Gene Expansion in Genomes of Clinical Strains
We BLASTed the NRRL 32931 PacC gene sequences and found the existence of
all accessory PacC genes in NRRL 47514, while NRRL 26365 only had PacC_b (Table 42). Both PacC_b and PacC_o genes were highly conserved: 99% identical among PacC_o
genes; and for PacC_b genes, 88% of NRRL 26365 and 99% of NRRL 47514 were
identical to NRRL 32931 PacC_b. This indicated that PacC_b may have diverged in
sequences and is probably the reason why we could not amplify NRRL 26365 PacC_b
using NRRL 32931 primers as there were mismatches. Similarly, our PCR was able to
amplify an isoform of PacC_c in NRRL 26365 but it was not identified in the genome,
which suggests that PacC genes may have diverged in NRRL 26365.
Interestingly, we also detected 2 other PacC_b hits in NRRL 47514. Both hits
aligned to the full length PacC_b gene and shared a sequence identity of 88% and 94%
with PacC_b. Unsurprisingly, all three PacC_b genes in NRRL 47514 were located on
accessory chromosomes, but on different scaffolds (S008, S015 and S027), indicating
further and specific expansion of PacC_b. Consistent with our PCR amplification of
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PacC_a in NRRL 47514, there were insertions in PacC_a (Figure 4-4), which we were
able to detect in our de novo mRNA transcripts, indicating that these insertions are in the
actual coding sequences.
Phylogeny of all PacC genes from the three clinical isolates (Figure 3-5a) showed
that PacC_b genes belonged to the most distant clade. PacC_b genes can be further
separated into two branches: one branches consists of the NRRL 32931 PacC_b genes, as
well as the previously PacC_b gene in the cotton-infecting strain 25433; the other branch
consists of the PacC_b genes from NRRL 26365, NRRL 47514 (S015) and Fo47. This
suggested that PacC_b genes may have horizontally transferred in two separate events.
Supporting this is, there were two separate synteny blocks of the NRRL 32931 PacC_b
genomic region with Fo47 and cotton-infecting strain 25433. Finally, we detected the
presence of at least two PacC_b transcripts, S008/S027 and S015 by de novo transcriptomes
(Figure 3-5b), confirming the expansion of PacC_b.
4.4 Discussion
The wide distribution of PacC genes in Fo clinical isolates, especially in those from
the clonal lineage clade 3a, suggest that the expansion of PacC genes may be a common
feature in Fo human-pathogenic strains. We were successful in amplifying certain PacC
genes in clinical strains but not in plant-pathogenic strains. This indicated that there was a
certain degree of conservation among these PacC genes and we may have to design more
specific primers that can be used to detect each PacC gene.
Although we observed larger diameter growth in isolates from the clonal lineage
clade 3a, which had at least 2 accessory PacC genes detected by PCR, we could not draw
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the correlation between having more PacC genes with better growth at higher pH. Some
isolates with no additional PacC genes grew similarly, like NRRL 26367. This is also seen
when we compared the growth of NRRL 32931 and Fol4287, which may suggest that the
major role of accessory genes is not directly associated with growth functions. As
mentioned in Chapter III, PacC_b gene is involved in a narrow cellular process and may
potentially function as a negative regulator. This again raises the question of why PacC_b
genes are specifically expanded.
Size variations were also detected for some PacC genes such as PacC_a and
PacC_c, in which we confirmed with our genome assemblies. In NRRL 47514, there were
two insertions in the PacC_a gene and its de novo transcripts. These insertions were
detected in 5 out of the 6 isolates of clonal lineage clade 3a isolates, suggesting the
sequence and functional divergence of PacC_a. In addition, PacC_b genes were the most
expanded members of the PacC gene family. In the NRRL 47514 genome, we detected 3
different PacC_b genes located in different accessory genomic regions. This was not
captured by our PCR results probably because of their close size and high sequence
identity. At least 2 unique PacC_b transcripts were detected by our de novo assembly of
NRRL 47154 RNA-seq reads: transcript DN3521_c0_g1_i3 shared 94%/99% identity to
PacC_b S008/S027; and transcript DN3521_c0_g1_i5 shared 100% identity with PacC_b
S015. PacC_b S008/S027 and PacC_b S015 are present in different phylogenetic clades,
which may be possible that they were acquired through separate events.
At the genomic level, sequence conservation varied in the accessory genomes,
especially for NRRL 26365. The conserved sequences of NRRL 26365 with NRRL 32931
and Fol4287 were around 0.2-0.3 Mb, which accounts for 6-7%% of its accessory genome.
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NRRL 47514, however, shared 2.6 Mb and 0.47 Mb conserved sequences with NRRL
32931 and Fol4287, respectively. This difference may partially be explained by their
phylogenetic relationship, where the clonal lineage clade 3a is nested within clade 3
(O’Donnell et al. 2004). The genetic distance between NRRL 32931 (clade 3) and NRRL
47514 (clade 3a) is closer to NRRL 26365. Interestingly, although NRRL 26365 still
belonged to clade 3, it did not share high conservation with either NRRL 32931/47514 or
Fol4287, indicating its accessory genome is very distinct from what is currently available.
This diversity or variation may even be larger in clinical isolates that are more distant from
clade 3, for example in clade 2, which is the farthest from clade 3.
It would be interesting if we could compare the genomes from various clades,
geographical locations, and origins (which part of the human body). Comparative genomics
of plant-pathogenic Fo strains have identified the presence of certain gene families, like
SIX effector genes, in strains that infect different hosts. They vary in gene copy numbers
and sequences but are required for plant infections. It may be possible that these strains
share a “common” set of accessory genes needed for infecting plants. In clinical isolates,
PacC and Hal protein kinase gene families may be those shared genes. We detected 5 and
12 potential accessory Hal kinase genes in NRRL 26365 and NRRL 47514, indicating the
expansion of Hal kinase genes and suggesting there may be a correlation between PacC
and Hal kinases. On the other hand, the ceruloplasmin homolog in NRRL 32931 was only
found in NRRL 47514, indicating functional specialization in certain strains and where it
may have inherited from NRRL 32931.
To confirm this, we are currently annotating the two assembled genomes, and we
will perform a comprehensive comparison of the gene families in human clinical strains.
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The goal will be to identify common gene families and other key characteristics, like the
transposable elements (TEs) profile. Between NRRL 32931 and Fol4287, the types of TEs
and their distribution are very distinct, which suggests they may have resulted from
different horizontal gene transfer events. Lastly, we observed certain conservation between
NRRL 32931 with the cotton-infecting strain 25433 (Figure 4-6a). For instance, the
previously mentioned PacC genomic region and supercontig_1.28. The latter showed
significant sequence conservation (large blocks of aligned sequences) between the two
genomes (Figure 4-6b). Despite them infecting different hosts, they may have evolved
similar mechanisms to adapt to certain conditions. For instance, the ideal growth conditions
for cotton plants include hot temperatures between 30-35°C and they are sensitive to low
pH soils. It is possible that Fo clinical isolates may have originated from environmental
isolates by acquiring genetic materials that allowed them to adapt to similar host
environments.
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Table 4-1. Summary of F. oxysporum isolates used in this study.1
NRRL ID
25509
26360
26365
26367
26373
26680
28013
28245
31166
32931
32941
32953
43454
47514

Isolated source
Cyclamen,
nonpathogenic
Eye
Brain
Human
Lung
Leukemic
Blood, leukemic
Greenhouse
Irrigation
Water
Kidney
Blood
Spleen
Open leg wound
Cornea
Eye

Origin
The Netherlands

Clades
3

Tennessee, USA
New York, USA
Maryland, USA
Chile
Sydney, Australia
Delaware, USA
Finland

4
3
2
3
3
3a
3a

Texas, USA
Massachusetts, USA
Texas, USA
Texas, USA
Massachusetts, USA
Cleveland, USA

3a
3
3a
3a
Undetermined
3a
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Table 4-2. Blast hits of PacC genes in NRRL 26365 and NRRL 47514.1
PacC gene ID
NRRL 26365
PacC_o
PacC_a
PacC_b
PacC_c
PacC_c
NRRL 47514
PacC_o
FOYG_02661
PacC_a
PacC_a
PacC_a
PacC_a
PacC_b
PacC_b
PacC_b
PacC_b
PacC_c
PacC_c
PacC_c
PacC_c
PacC_c
PacC_c

contig

Query.start

Query.end

evalue

bitscore

chr8.2
chr8.2
DS16
DS16
chr8.2

1
270
1
29
190

2017
482
1033
405
405

0
7.00E-60
0
3.00E-58
3.00E-53

3653
231
1247
226
209

C05.5
S068
C13.3
C13.3
S068
C05.5
S008
S027
S015
S068
S068
C13.3
S008
S027
S015
C05.5

1
285
25
897
270
270
1
1
1
1
15
193
11
29
29
190

2017
497
896
1033
893
482
1033
1033
1033
406
935
937
405
405
405
405

0
9.00E-57
0
2.00E-66
0
2.00E-61
0
0.00E+00
0
1.00E-77
0
0
7.00E-70
1.00E-66
3.00E-58
7.00E-55

3703
222
1550
254
734
237
1903
1578
1247
291
1271
902
265
254
226
215
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Figure 4-1. PacC gene detection in F. oxysporum isolates.1Left panel is the actual PCR
gel, where the number on top of each lane represents the NRRL ID. The PCR is designed
to specifically amplify a certain PacC gene (unable to amplify other PacC genes). The
NRRL 32931 strain was used as a positive control to make sure the PCR results were
reliable. All isolates were able to amplify PacC_o, while differences in terms of size and
presence were observed among accessory PacC genes. Noticeably, around a 1 kb increase
in size, compared to NRRL 32931, was identified in PacC_a and PacC_c genes. The right
panel is the table summary of gel, in which they were grouped together based on their
phylogenetic clades. Ticks and crosses represent the presence/absence of PacC genes and
“insertion” represent PCR bands that have different sizes compared to NRRL 32931. The
phylogenetic classification of NRRL 43454 is unknown (“unk”). Overall, even within the
same clade, there were differences in size and PacC gene distribution, indicating PacC
gene family is divergent in Fo isolates.
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Figure 4-2. Phenotypes of F. oxysporum strains.1(a) Representative strains of each clade
were grown on pH 5.0 and pH 7.4 plates for 5 days at 28°C. (b) Fungal growth at elevated
temperatures on blood agar plates after 6 days. The number of accessory PacC genes that
were detected by PCR were indicated in brackets after isolate ID. We did not observe direct
correlation between growth phenotypes and PacC gene numbers.
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NRRL 26365
NRRL 47514

NRRL 32931
Figure 4-3. Genome alignments between clinical strains. 1NRRL 32931 was used as a
reference for pairwise comparison. The numbers 1-13 below the plot represent its core
chromosomes, and the red box represents its accessory genome. The scale bar indicates the
sequence identity. Overall, the core genome displayed high conservation, and their
accessory genomes were relatively conserved compared to Fol4287.
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Figure 4-4. Sequence alignment of PacC_a genes.1Comparison of PacC_a genes
between NRRL 32931 (top lane) and NRRL 47514 (bottom lane). Consensus sequences
are highlighted in blue; predicted donor splice sites are highlighted in cyan; and predicted
acceptor splice sites are highlighted in purple. This indicated that these 2 insertions may be
transcribed, which were later confirmed to be true as seen in the PacC_a transcript from
our de novo transcriptome.
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Figure 4-5. Identification of PacC genes and their phylogenetic relationship.1(a)
Phylogeny of full length PacC genes, which included previously identified PacC_b genes
in Fo47 and cotton-infecting Fo strain 25433. The difference in color code represents each
strain. PacC_b genes were present in these strains and found to be further expanded in the
NRRL 47514 strain (yellow boxes). (b) Sequence identity between de novo transcripts and
PacC_b genes in NRRL 47514. At least two transcripts (DN3521_c0_1_i3 and
DN3521_c0_g1_i5) matched to either PacC_b S015 or S008/S027, which were present in
different genomic locations in NRRL 47514.
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Figure 4-6. Genome alignment between NRRL 32931 and Fo cotton strain 25433.1(a)
Sequence conservation between the two genomes. The dot plot showed high conservation
between the core genomes but also a relatively long stretch of conserved sequences
between the accessory genomes. (b) Alignment of a specific accessory genomic region.
Supercontig_1.28 and 1.128 were used as a representation of the conserved accessory
genomic region between the two strains. Overall, although some segments did not align,
the majority of supercontig_1.128 of Fo strain 25433 aligned to supercontig_1.28 of NRRL
32931.
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CHAPTER V
CONCLUSIONS
5.1 Dissertation Conclusions
Fo that infects important agricultural crops, such as banana and tomatoes, has been
the primary focus of the Fusarium research. Advancements in sequencing technologies
allowed scientists to understand the genome structure and content of different pathotypes,
which have led to the identification of key virulence factors and regulators that are involved
in pathogenicity. To date, over 200 Fo plant pathogenic genomes have been assembled.
All of which highlighted the diversity and variation of the accessory genome, and its
importance in determining pathogenicity in plants.
Unfortunate but understandable, due to the low threat and impact to the general
public, the large subset of Fo isolates that could infect humans (primarily
immunocompromised patients) are least studied. These clinical isolates are geographically
widespread, phylogenetically diverse, and isolated from different human body parts
(O’Donnell et al. 2004). The major issues with Fo human infections include intrinsic
resistance to current azole antifungals, high mortality rate in disseminated infections, lack
of prognosis (Al-Hatmi et al. 2016; Nucci et al. 2007). Although serious cases of human
infections are low in the hundreds annually, they still pose a hidden threat considering the
increasing number of immunocompromised patients and the prevalence and persistence of
Fo in the environment, even in hospitals (Edel-Hermann et al. 2016).
The genome of Fo has one of the most fascinating structures in biology, which
comprises two separate yet interconnected compartments: conserved core and lineage119

specific accessory genomes. The former has been viewed as the essential compartment for
housekeeping functions, whereas the latter performs functions related to adaptation and
pathogenicity. This combined with its cross-kingdom infecting capabilities, makes Fo a
great model to study adaptation, pathogenicity, and evolution. However, the most
important question is whether these human infecting Fo isolates also possessed this twogenome structure. In my research, I focused on comparing the genomes and transcription
regulatory networks of Fo plant pathogens and clinical isolates, with an emphasis on the
functional roles of accessory genes, particularly the expanded PacC/Rim101 transcription
factor.
In my Chapter II, we generated the first genome assembly for the Fo clinical strain
NRRL 32931 and identified 4 accessory chromosomes that were distinct in gene content
and TE distribution compared to plant pathogens. This confirmed that the genome
compartmentalization is also present in clinical isolates, and the accessory genome is
enriched in metal ion transporters and transcription regulators, indicating functional
speciation to adapt to the human host. Genes that were only present in NRRL 32931 but
not in the plant pathogenic strain Fol4287, were significantly enriched for genes involved
in metal ion homeostasis and transport, and response to pH. Both processes reflect the
specific adaptations to the human host, which involves adapting to the nutrient availability
and neutral-alkaline human body pH. Nutrient limitation of trace metals, or nutritional
immunity, is a common strategy deployed by the host immunity to starve pathogens, thus
the capacity to acquire or sequester nutrient is key for the survival of the pathogen
(Hennigar and McClung 2016). On the other hand, the unique genes of Fol4287 are
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enriched in DNA biosynthesis and metabolism, which includes unique or additional genes
involved in regulation of macromolecule metabolic processes.
Although phenotypically we did not observe major differences, it was clear in our
transcriptomic data that NRRL 32931 and Fol4287 responded differently at acidic and
alkaline pH. This was supported by the identification of ~80 TFs that had different
expression profiles between the two strains and the expression of unique genes. Taken
together, the differences in the accessory genomes, especially regulators like TFs and PKs,
may likely contribute to the reprogramming of the transcriptional network. One of the key
players we identified was the expansion of the conserved PacC/Rim101 TF in NRRL
32931. The single PacC/Rim101 gene is conserved in higher fungi and is responsible for
mediating alkaline pH response. Losing PacC/Rim101 is not only detrimental for surviving
at high pH, but also affects a broad spectrum of cellular processes.
In Chapters II and III, I found evidence that PacC/Rim101 genes are directly
involved in the differential gene regulation in NRRL 32931 and Fol4287. Co-expression
network analysis of wild-type and core pacC mutants identified one “PacC” module in
each strain to be significantly enriched for genes that have at least 1 to 4 PacC binding
motifs in their promoters. Genes within these modules shared similar expression profiles,
which displayed higher expression in the wild-types at pH 7.4. However, the associated
biological processes in each strain were distinct: NRRL 32931 was enriched for catabolism,
metal ion homeostasis and transport, while Fol4287 was enriched for metabolic processes,
ribosome biogenesis and TCA cycle. This indicated that the core PacC could directly
reprogram the cellular response. In addition, NRRL 32931, all the accessory PacC genes
were present in the PacC motif and their transcription were dependent on the core PacC_o.
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Next, I investigated whether accessory PacC genes could contribute to the
transcriptional reprogramming using transcriptome data generated with the accessory
pacC_b knockout mutants. Around 24% of the differentially expressed genes we observed
between NRRL 32931 and Fol4287 were also identified in the pacC_b mutant dataset,
indicating accessory PacC genes do contribute to reprogramming. Specifically, PacC_b is
involved in the regulation of ion transmembrane transporters and lipid metabolism. The
former includes the regulation of Hal protein kinases, which in turn regulates the potassium
transporter Trk. The Hal kinase genes are distinctly expanded in the NRRL 32931 and not
in plant pathogenic strains, and many of their expressions are associated with PacC_b. I
postulated that the accessory PacC_b and Hal kinase genes form a regulatory unit that may
be horizontally transmitted together, like the synteny blocks we see among NRRL 32931,
Fo47 and Fo cotton strain 25433. Lipid metabolism, especially complex sphingolipid
biosynthesis, was induced in the pacC_b mutants. A recent study linked the biosynthesis
of complex sphingolipids with stress response and ribosome biogenesis, where the authors
showed that endoplasmic reticulum stress led to the accumulation of long-chain sphingoid
bases which resulted in the decrease in expression of ribosome biogenesis genes (Yabuki
et al. 2019). My results also supported this, where we saw a negative correlation between
the expression of ribosome biogenesis genes with sphingolipid biosynthesis genes. This
suggests that accessory PacC genes do indeed contribute to reprogramming of the
transcriptional regulatory network.
Based on these results, I hypothesized a working model which emphasizes how
PacC genes regulate distinct processes and toolkits (genes) to achieve alkaline pH
adaptation (Figure 5-1). In this model, the core PacC regulates many different cellular
122

processes in NRRL 32931 and Fol4287: catabolism vs biosynthesis, respectively. The
accessory genes in NRRL 32931, including PacC_b, provide additional toolkits used for
adaptation. For instance, PacC_b regulates local accessory genes, as well as cross-regulate
genes in the core genome. Some of those genes affect biological processes such as lipid
metabolism and ion transport, which are known to play important roles in pH and cation
homeostasis.

Figure 5-1. Model of alkaline pH adaptation.1The PacC_b gene and accessory genome
in NRRL 32931 may provide an extra layer of regulation and adaptation to alkaline pH.
The PacC_b gene regulates genes in both the core and accessory genome (highlighted in
orange arrows and numbers represent the number of genes it regulates in each part).
Additionally, the core PacC genes also have distinct roles in regulating cellular processes
(catabolism vs metabolism (biosynthesis).
In Chapter IV, I surveyed the genomic DNAs for the presence of PacC gene
expansion in a list of Fo clinical isolates, which represented Fo from different phylogenetic
backgrounds, geographically locations and human body parts they were isolated from.
Although I used NRRL 32931 specific primers to amplify PacC genes, I was able to
amplify and detect them in almost all tested isolates, which indicated that there is a certain
degree of conservation. The PacC genes were variable in sequences and copy number, and
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they were further expanded in NRRL 47514. These sequence differences were reflected in
our two newly assembled clinical isolate genomes, NRRL 26365 and NRRL 47514, where
I identified the presence of certain PacC genes that were not detected in the PCR results.
This indicated that certain PacC genes may have undergone sequence and functional
divergence. As mentioned, I also found expansion of the Hal kinase genes, especially in
NRRL 47514, which again linked PacC genes with Hal kinases.
By comparing the two genomes, we found that NRRL 26365 had a distinct
accessory genome compared to either clinical strains NRRL 32931 and NRRL 47514 or
the plant pathogen Fol4287. NRRL 26365 is phylogenetically distant from those strains,
which may explain its divergence. This further highlights the genetic diversity among
clinical strains, and it would be interesting to sequence and compare the genomes of other
distantly related clinical isolates. Lastly, although I did not observe a correlation between
the number of PacC genes with alkaline pH growth, I do believe there is a correlation
between the accessory genome with the environment the fungi are adapted to. For instance,
I identified some degree of conservation between the accessory genomes NRRL 32931 and
Fo cotton strain 25433: conserved regions included PacC_b and Hal kinases. Cotton plants
prefer high temperatures over 30°C and neutral-alkaline soil, which is like the human body.
One of the hypotheses that fungi can cause opportunistic infection is because they have
acquired certain traits from their environment that are close to the host.
My thesis provided evidence for the functionality of accessory transcription factors,
their relationship with the core gene, and most importantly their roles in reprogramming
the transcription regulatory network. This high quality data provided valuable insights
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regarding the diversity of human-infecting Fo strains at the genome and transcriptome
scale.
5.2 Perspective
Genome compartmentalization seems to be more common among fungal species,
including Fo, F. solani and Alternaria alternata. In my opinion, how each accessory
genome is maintained and how they communicate with the core genome are fascinating
questions. As we know, the accessory chromosomes are relatively more frequently lost
under normal circumstances and can be horizontally transferred between strains, so what
forces (“invisible strings”) are there to maintain the stability of the core chromosomes and
allow for flexibility and plasticity of the accessory chromosomes? Some studies on histone
modifications have indicated differences in histone markers, which may suggest some sort
of chromatin topology or chromosomal architecture that controls genome stability. In
recent years, the technological advancements have allowed us to appreciate the importance
and complexity of three-dimensional genome architecture. Imaging techniques have shown
that each chromosome occupies distinct territories in the nucleus (Kempfer and Pombo
2020). The Fo genome may be organized in such a manner in which accessory
chromosomes are more accessible and core chromosomes are “hidden in the core”. This
would allow for more frequent loss of accessory chromosomes and would be really
interesting to investigate.
Another interesting question is how are genes acquired during evolution for
opportunistic fungal pathogens. It is believed that these pathogens have acquired certain
traits from their environment or initial hosts that allowed them to survive in the host which
had similar conditions. However, in the case of the PacC expansion in NRRL 32931, I
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could only find accessory PacC genes and proteins present in fungi. Moreover, members
of the PacC gene family had variable and diverged sequences, so where exactly did all the
accessory PacC genes come from considering Fo reproduces asexually? One possibility is
through gene duplication. In most cases, duplicated genes were lost during evolution but
some were preserved and acquired new functions. This may explain the distinct regulatory
role of PacC_b. Furthermore, like the fungal kinome, transcription factors seem to have a
positive correlation with the size of the genome, indicating that each transcription factor
regulates a certain number of genes. If this is true, PacC genes may be tied into regulatory
units with other genes such as Hal protein kinases. This may broaden our viewpoint where
instead of focusing on individual accessory genes, we can consider them as a regulatory
unit and compare the accessory genomes to find conservation to infer functionality. This
may be useful for genomes that are dynamic and have genes that are not under strong
selective pressure like accessory PacC genes, where not all F. oxysporum clinical strains
have them. If accessory PacC genes are a result of gene duplication and they indeed
function as a unit, can we find these units in the core genome?
This leads me to the next question of whether gene expansion results in better
adaptation, specifically whether having more accessory PacC genes translate to better
adaptation to alkaline pH. Unfortunately, I could not find a correlation between PacC gene
numbers and growth under alkaline pH conditions. However, I will not be surprised if I
observe some degree of correlation under in vivo conditions. In addition, in terms of
functional roles, not all PacC genes are equal: PacC_b appears to have more regulatory
roles and also potentially PacC_c. So why would the genome have evolved to have such
functional diversification, which brings back to my point that they may have acquired it as
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a unit that provides additional toolkits and regulations. Alternatively, having more
accessory genes may provide a fine-tuning mechanism like FTF1 that regulates SIX genes
(Zhao et al. 2020). The genotype-environment interaction concept defines that
phenotypically plasticity is a consequence of genotype and environment interaction. This
concept would be particularly interesting in Fo, as they are recognized as plant pathogens
and ubiquitous in the soil, but able to adapt to the human body. As mentioned, the cotton
plants grow at high temperature and neutral-alkaline soil, so it would be interesting to
compare the adaptability of Fo cotton infecting strain with NRRL 32931. Competitive
assays can be a potential method to determine this.
The core PacC gene has been implicated to be involved in alkaline pH response.
However, we observed a potential role of PacC in response to acidic pH, in which the
NRRL 32931 and Fol4287 PacC mutants have growth reduction at pH 5.0 compared to
the wild-types. It was believed that the conserved PacC protein has to be cleaved in order
to translocate into the nucleus, and this process relies on the PacC/Rim101p pathway to
recruit PalB and cleave PacC. Studies have shown that small amounts of processed PacC
protein can be detected under acidic pH (Mingot et al. 2001). This raises the question of
whether other calpain-like proteases could mediate PacC cleavage at acidic pH. In addition,
it is believed that the PacC cleavage occurred in a two-step process in Aspergillus, one
being PalB and the other is still unknown. Therefore, finding these potential proteases may
uncover another layer of regulation.
Lastly, the robust sequencing technologies has resulted in over 200 sequenced Fo
genomes. However, large scale comparison and our understanding of these genomes are
still lacking. A pangenome, which is the representation of the entire genes of all strains,
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has been suggested or maybe in the progress for Fo. This may provide valuable genetic
information for Fo strains as a whole, but it does not reflect its complexity and specificity.
Additionally, although 200 genomes appear large in number, they are relatively small
considering their wide host range. It would be interesting to sequence more Fo strains based
on their host-range to identify conserved elements in their genomes, and compare them to
other fungal strains that infect the same host. Through this effort we may identify conserved
toolkits that give fungi the edge to survive in the host.
5.3 Future Directions
From my research experience and reading the major topics of the Fo research field,
I believe studying the crosstalk and interactions between the core and accessory genomes
is important to understanding how they function. First, I would want to know the direct
binding targets of core PacC_o and accessory PacC genes by performing chromatin
immunoprecipitation sequencing (ChIP-seq). The advantage of ChIP-seq is that it allows
us to know what and where PacC genes bind to, as opposed to transcriptomics. Combining
ChIP-seq with our transcriptome, we can identify genome-wide binding sites and novel
binding sequences. I have attempted to perform ChIP-seq but the most difficult problem
was having low DNA concentration after immunoprecipitation. To increase DNA yield, I
can conduct large scale experiments. Another more targeted approach would be the in vitro
binding assay using synthesized DNA fragments and purified PacC proteins. Regardless
of method, they would help us understand how PacC genes co- or differentially regulate
the same genes, with interest in ribosomal biogenesis genes.
Second, I would like to investigate how PacC_b is involved in sphingolipid
metabolism and/or signaling. One possible target of PacC genes could be the Ydc1 alkaline
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dihydroceramidase homolog, FOYG_12566, which hydrolyzes dihydroceramide to
dihydrosphingosine. FOYG_12566 has 5 PacC binding sites in its promoter. In addition, I
would also explore the relationship between PacC genes with stress response and
ribosomal biogenesis. A recent study in yeast found that stress leads to sphingolipid
accumulation that resulted in the decrease in ribosomal biogenesis, which is in line with
what I have observed in my transcriptome data.
Third, it would be interesting to see what the outcome is when I knock-in the
accessory PacC_b into the pacC mutant in Fol4287. I have found that the core PacC_o
and accessory PacC_b genes can co-regulate the same genes, while some of which like
Hal kinase genes were regulated opposite directions. By introducing accessory PacC genes
into Fol4287, we not only eliminate the potential inference of other PacC genes, but also
investigate whether PacC_b could rescue the defective phenotype at high pH and whether
core genes are regulated in a different manner.
Fourth, the phylogeny of PacC genes indicated that they may have divergence in
functions. I have observed unique phenotypes of pacC_a knockouts, which appeared to be
also related to stress response and showed difference with pacC_b knockout. Among the
accessory PacC genes, PacC_c had the highest expression, which may suggest a broader
functional role. However, I have attempted several times to knockout the PacC_c gene
using Agrobacterium mediated or split-PCR based homologous recombination methods,
but all failed. This may be due to the poor sequencing or assembly of its intergenic regions,
which is critical for homologous recombination. One method our lab is developing is
CRISPR, which may be used to knockout multiple PacC genes if we could find conserved
regions. This way we could knockout a specific combination of PacC genes.
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Fifth, I would like to annotate the two other clinical isolates NRRL 26365 and
NRRL 47514 to compare their gene content. The accessory genome of NRRL 26365 is
very distinct from not only NRRL 32931 and NRRL 47514, but also Fol4287. So what
genes are included in its genome? Although NRRL 26365 is relatively phylogenetically
distant from NRRL 32931 and NRRL 47514, it is still within the same phylogenetic clade.
Therefore, the accessory genomes of other clinical isolates could be less conserved. To
understand this genetic diversity, I would like to sequence and assembly more genomes of
Fo clinical isolates. This, together with over 200 plant-pathogenic Fo genomes, would
allow us to identify important features of Fo clinical isolates.
Lastly, while my hypothesis is that more PacC genes means better adaptation to
higher pH, I did not observe this between NRRL 32931 and Fol4287. The argument may
be that they are able to adapt but through different ways. Their unique genes indicated
functional diversification: NRRL 32931 was enriched in genes involved in ion homeostasis
and transport, while Fol4287 was enriched in metabolism and DNA synthesis related
genes. If they indeed have diverged in the way they adapt, then other plant-pathogenic Fo
strains (those preferring acidic soil) should behave like Fol4287, and we should be able to
observe the same transcriptional regulation. Although I have compared our Fol4287
transcriptome with the other two close relatives of Fo, Fg and Fv, I could not find definitive
commonalities between them with Fol4287. This may be due to the different experiment
conditions and genome differences. Therefore, it would be best to have transcriptomic data
generated from Fo strains.
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